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Some hae meat and canna eat, 
And some wad eat that want it, 
But we hae meat and we can eat, 
Sae let the Lord be Thanket! 
— Robert Burns 
Beef is the king of meat. 






Fresh meat is a highly nutritious but extremely perishable food, and its 
preservation is a significant challenge since early civilisations. In the past decades, food 
trade has become more globalised, forcing supply chains to become larger and more 
complex. As such, meat, which typically has a short shelf life, is required to stay fresh for 
longer. Extended shelf life in beef may be achieved through strict control of the product 
hygiene associated with vacuum packaging and subzero chilling. The research 
presented in this thesis was designed to investigate the effect of microbial and 
physicochemical factors, namely the growth of spoilage bacteria and oxidation of 
myoglobin and lipids, on the long-term preservation of chilled fresh beef at 
temperatures above the freezing point of meat (−2°C) but below 0°C. 
This research was divided into the following main topics: (1) the study of the 
preservation of chilled fresh meat with extremely long shelf life, (2) the study of the 
preservation of chilled fresh meat from the Belgian Blue breed and (3) the study of 
Carnobacterium maltaromaticum as a protective culture for meat. 
This study provided evidence that the use of sub-zero temperatures during 
vacuum storage is essential in meat shelf life extension since it retards meat 
deterioration, preventing the oxidation of myoglobin (discolouration) and growth of 
spoilage bacteria. Intrinsic factors including the metmyoglobin reducing activity as well 
as the activity of antioxidant enzymes, such as catalase, superoxide dismutase and 
  
glutathione peroxidase, can be associated, in varying degrees of importance, with the 
retardation of oxidation reactions in meat. Carnobacterium maltaromaticum was the 
dominant bacteria in meats with extremely long shelf life. Selected C. maltaromaticum 
isolates obtained from these meats showed an antilisterial activity in vitro, which was 
optimised at low temperatures. When studied directly in raw meat with the natural 
indigenous microbiota, C. maltaromaticum showed an antimicrobial effect against 
Enterobacteriaceae. 
Further research on the antioxidant mechanisms and microbial ecosystems 
associated with meats with extremely long shelf life will be a key to understand and 





La viande fraîche est un aliment très nutritif mais extrêmement périssable, et sa 
conservation est un défi majeur depuis les premières civilisations. Au cours des 
dernières décennies, le commerce alimentaire s'est mondialisé, rendant les chaînes 
d'approvisionnement plus étendues et plus complexes. De cette manière, la viande, qui 
a généralement une durée de vie très courte, doit rester fraîche pendant plus 
longtemps. En effet, une durée de conservation prolongée pour la viande bovine peut 
être obtenue par un contrôle strict de l'hygiène du produit associé à un 
conditionnement sous vide et à un refroidissement à des températures sous zéro. La 
présente recherche vise à étudier l'effet des facteurs microbiens et physicochimiques, 
notamment la croissance des bactéries d’altération et l'oxydation de la myoglobine et 
des lipides, sur la conservation à long terme de la viande fraîche à des températures au 
dessus du point de congélation de la viande (−2°C) mais en dessous de 0°C. 
Cette recherche a été divisée en trois axes principaux: (1) l'étude de la 
conservation des viandes fraîches réfrigérées avec une durée de conservation 
extrêmement longue; (2) l'étude de la conservation des viandes fraîches réfrigérées de 
la race Blanc Bleue Belge; (3) l’étude de Carnobacterium maltaromaticum en tant que 
culture protectrice pour la viande. 
Cette étude a démontré que l'utilisation des températures sous zéro pendant la 
conservation sous vide est essentielle pour prolonger la durée de conservation de la 
  
viande puisqu'elle retarde la détérioration, en prévenant l'oxydation de la myoglobine 
(décoloration) et la prolifération des bactéries d’altération. Des facteurs intrinsèques, y 
compris l'activité réductrice de la metmyoglobine et l'activité des enzymes 
antioxydantes, à savoir la catalase, la superoxyde dismutase et la glutathion 
peroxydase, peuvent être associés, avec des degrés d'importance variables, au 
ralentissement des réactions d'oxydation dans la viande. Carnobacterium 
maltaromaticum était la bactérie dominante dans des viandes avec une durée de 
conservation extrêmement longue. Des isolats sélectionnés de C. maltaromaticum 
obtenus à partir de ces viandes ont montré une activité anti-Listeria in vitro, qui a été 
optimisée à basses températures. Lorsque C. maltaromaticum a été étudiée 
directement dans la viande fraîche avec le microbiote indigène naturel, elle a montré un 
effet antimicrobien sur les Enterobacteriaceae. 
Des recherches ultérieures sur les mécanismes antioxydants et les écosystèmes 
microbiens associés aux viandes à très longue durée de conservation constitueront une 
clé pour la compréhension et l’amélioration de l’extension de la durée de conservation 
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Fresh meat is a highly nutritious but extremely perishable food, and its 
preservation is a significant challenge since early civilisations. Meat frequently has to be 
stored, transported, prepared and distributed, all of which is considerably time-
consuming. To safeguard fresh meat during this extended time, specific methods of 
preservation must be applied. 
Humans have always known that cold temperatures are a natural method for 
preserving food. In Palaeolithic times, the depths of caves made a smart hiding place as 
well as an excellent location for cold storage. The use of cold environments on a large 
scale as a means of preserving food dates back to the 19th century, with the invention of 
mechanical refrigeration. At the time, Europe and especially Great Britain needed to 
bring frozen meat over from Argentina, Australia and New Zealand to feed its ever-
growing population. In the 1960s, vacuum packaging has become popular, permitting 
to extend the shelf life of fresh meat without freezing it. 
Food trade is becoming progressively more globalised for most countries, as 
more and more food manufacturers attempt to reach different markets, inevitably 
forcing supply chains to become larger and more complex. As such, vulnerable produce 
including meat, which typically has a short shelf life, is required to stay fresh for longer. 
At this time, it is not rare to find imported chilled raw meat in the European market with 
several-months-long shelf lives. At first sight, this might appear excessive or make 
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suspect the use of illegal technologies. In fact, extended shelf life in beef1 may be 
achieved by strict control of the product hygiene associated with two hurdles2: vacuum 
packaging and chilling at temperatures above the freezing point of meat (−2°C) but 
below 0°C. In this way, the present research was designed to investigate the microbial 
and physicochemical factors determining the long-term preservation of chilled fresh 
beef at subzero temperatures. 
                                                             
1  The shelf life of vacuum-packaged fresh beef primals and sub-primals is generally reported as 
approximately 35 to 45 days. 
2  Hurdle technology advocates the deliberate combination of existing and novel preservation techniques 
to establish a series of preservative factors (hurdles) to improve the microbial stability and the sensory 
quality of foods as well as their nutritional and economic properties. These hurdles may be temperature, 
water activity, pH, redox potential, preservatives and so on. 
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Section I 
Literature review and 
objectives 
The first section of this work is divided into two chapters. Chapter 1 involves a 
thorough review of the scientific literature concerning meat and the meat sector, the 
preservation of this commodity and the evaluation of its shelf life. This chapter will 
emphasise beef and the meat sector in the European Union (EU) and Belgium more 
specifically. Chapter 2 presents the general and specific objectives of this thesis. 





1.1 Meat – the product 
The Oxford English Dictionary defines meat as the flesh of animals used as food. 
The word developed from the Old and Middle English mete, which referred to food in 
general, not specifically animal flesh (Walker, 2010). In the Regulation (EU) 
No 1169/2011 on the provision of food information to consumers (European Parliament 
and Council of the European Union, 2011), meat is defined as skeletal muscles of 
mammalian and bird species recognised as fit for human consumption, where the total 
fat and connective tissue content does not exceed 25% each (for mammals other than 
rabbits and porcine). The Regulation (EC) No 853/2004 on the hygiene of foodstuffs 
(European Parliament and Council of the European Union, 2004) provides a broader 
definition of meat as it also includes the blood. According to the same regulation, fresh 
meat refers only to meat that has not undergone any preserving process other than 
chilling, freezing or quick-freezing, including meat that is vacuum-wrapped or wrapped 
in a controlled atmosphere. 
Meat has been an essential part of the diet of hominins for over hundreds of 
thousands of years (McPherron et al., 2010) and has exerted a crucial role in human 
evolution (de Castro Cardoso Pereira and dos Reis Baltazar Vicente, 2013; Williams and 
Hills, 2017; Mann, 2018). There is evidence that meat consumption has influenced 
SECTION I Literature review and objectives 
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cranial-dental and intestinal morphologic changes, erect human posture, reproductive 
characteristics, longer lifespan, and, most importantly, brain and intellectual 
development (Aiello and Wheeler, 1995; Hladik and Pasquet, 2001; Wang and 
Crompton, 2004; Psouni et al., 2012).  
Protein is the primary nutritional component of meat, and it contains all eight 
essential amino acids needed for the growth and maintenance of the human body 
(Wyness et al., 2011). Then, fat is the second nutritional component of meat (mainly 
saturated and monounsaturated fatty acids), which contributes substantially to its 
energy content in fatty cuts. Specifically, fresh beef is rich in various vitamins and 
minerals, especially iron3 and zinc, and is therefore recommended as part of a healthy 
diet (Gidding et al., 2009). Table 1 presents information on selected nutrients in fresh 
lean beef in the Belgian market according to Nubel (2017). 
1.2 The meat sector 
The meat sector in developed countries usually consists of farmers, abattoirs 
and companies involved in various aspects of distribution and marketing of meat. As an 
example, Figure 1 presents a commented infographic on the beef supply chain 
worldwide. 
1.2.1 Livestock production 
The world food economy is being increasingly driven by the shift of diets and 
food consumption patterns towards livestock products. Growth in the demand for meat 
will stem mostly from an increase in population, income and urbanisation, especially in 
countries with large middle classes in Asia, Latin America and the Middle East 
(Organisation for Economic Co-operation and Development [OECD], 2016). In 
developing countries, where almost all world population increases take place, 
consumption of all kinds of meat has grown at an average rate of 5.1%/yr since 1970 
(Alexandratos and Bruinsma, 2012). However, meat production continues to be 
concentrated in a few countries including Australia, Brazil, China, and the United States 
(US). In 2016, Brazil and the EU led the expansion in world meat exports (OECD, 2017). 
                                                             
3  Iron in beef is mostly in the heme form, which is absorbed very efficiently. 
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Table 1 Nutrient composition of fresh lean beef. 
 Amount per 
100 g 
% Daily value* 
Calories (kcal) 101.0     5.1 
Fat (g)     2.0     4.0 
of which   
Saturates (g)     0.8     4.0 
Mono-unsaturates (g)     0.7     n/a 
Polyunsaturates (g)     0.2     n/a 
Carbohydrate (g)     0.0     0.0 
Protein (g)   20.8   41.6 
Salt (g)     0.1     2.3 
Vitamin B12 (µg)     1.5   60.0 
Phosphorus 166.0   23.7 
Iron (mg)     1.6   11.4 
Zinc (mg)     3.2   32.0 
Selenium (µg)   17.0   30.9 
*Based on the Regulation (EU) No 1169/2011 (European Parliament and Council of the 
European Union, 2011). 
n/a = not applicable 
 
Figure 1 The beef and leather supply chain (Webb, 2016). 
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Still in 2016, Spain, Germany, France, the United Kingdom (UK) and Italy held the 
most significant populations of livestock in the EU4. The highest numbers of bovines 
were recorded in France (19.0 million head), Germany (12.5 million head) and the UK 
(9.8 million head). Belgium held 2.5 million head of bovines. Regarding value, bovine 
animals represented 8.1% of total agricultural output5 and 18.8% of animal output6, 
without taking animal products into account (Eurostat, 2017). 
The size of beef farms is increasing in all the western European countries 
(Sarzeaud et al., 2008). Overall, at the EU, while slightly more than a quarter (27.5%) of 
agricultural holdings disappeared between 2003 and 2013, the total utilised agriculture 
area remained stable. As a result, the average area per holding, in general, grew from 
11.7 ha in 2003 to 16.1 ha in 2013. In 2010, the highest average utilised agricultural areas 
per holding were registered in the Czech Republic (133.0 ha), the UK (93.6 ha) and 
Slovakia (80.7 ha). In contrast, average areas below 10 ha per holding were recorded in 
Malta (1.2 ha), Cyprus (3.1 ha) and Romania (3.6 ha)7. The average area per holding in 
Belgium was 31.7 ha. To compare, the average area per holding in Luxemburg, 
Germany, France and the Netherlands was 59.6, 55.8, 53.9 and 25.9 ha, respectively 
(Eurostat, 2013). 
Beef farms are classified into three groups from the beef production system 
practised: (1) breeders are farmers with suckler cows not fattening their calves, (2) 
breeders and fatteners fatten the calves born on their farms and (3) fatteners purchase 
young male animals and then finish fattening them (European Commission, 2013b). 
Based on the degree of integration with crops and its relation to land, farming 
can be classified into three production systems: (1) grazing, (2) mixed farming and (3) 
industrial systems. Grazing systems are based almost exclusively on livestock 
production on native grassland and are commonly found in the pastoral regions of 
Europe where cereals are hard to grow, notably the western fringes of the continent (in 
Ireland, Great Britain and the Atlantic arc) and mountainous areas throughout Europe. 
                                                             
4  At the time of writing this thesis, the Brexit negotiations were taking place between the UK and the EU 
for the prospective withdrawal of the UK from the EU, following the UK's referendum on EU membership 
in June 2016. 
5  Agricultural output comprises the value of all agricultural good (crops and animals) and agricultural 
services. 
6  Animal output includes the value of both animals (sales and changes in stock levels) and animal 
products (e.g., milk, eggs and wool). 
7  In 2013, one in three agricultural holdings in the EU was located in Romania (3.7 million holdings or 
33.5% of EU total). 
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In Belgium, grazing farms represent 75.9% of the total livestock-producing farms8 and 
43.4% of the total agriculture holdings. In mixed farming systems, crops and livestock 
production are integrated on the same farm. These systems are typical in the southern 
regions of Europe, where the hotter climate halts grass growth in the summer, and also 
in areas where cereals grow abundantly (e.g., central Europe). In Belgium, some regions 
specialised in arable crops (e.g., the Loamy Region) and others in animal husbandry 
(e.g., the Ardennes), resulting in a progressive decrease in mixed farming. Finally, 
industrial systems are defined as production systems in which less than 10% of the feed 
is produced within the production unit. Typical examples are large-scale feedlots in the 
US and the ex-Soviet Union (European Comission, 2004; de Haan et al., 2006; Peeters, 
2010). 
Bulls account for about 55% of the total volume of bovines slaughtered in 
Belgium, and beef from young bulls represents the most significant part of the bovine 
meat market for supermarkets. However, an increase in the consumption of meat from 
cull cows was observed in the past decades (Société wallonne de gestion et de 
participations [SOGEPA], 2016). In fact, Belgian Blue cull cows are often slaughtered at a 
relatively young age, which implies that their carcase and meat are still of excellent 
quality (Fiems et al., 2003). 
1.2.2 Slaughtering 
Slaughtering is the action of killing domesticated animals raised to produce 
commodities. The objective of the slaughter process is to convert live animals into 
carcases efficiently and to harvest dress-off items and offals. Cattle slaughter requires 
several distinct stages: (1) cattle receiving and animal handling, (2) antemortem 
inspection, (3) stunning, (4) bleeding, (5) skinning, (6) evisceration, (7) splitting, (8) 
postmortem inspection, (9) classification9 and (10) chilling (Food and Agriculture 
Organisation [FAO], 1991; Woerner et al., 2014). 
                                                             
8  Dairy cows, cattle, sheep and other ruminants. 
9  In the EU, carcases are classified according to their category (A = carcase of uncastrated male animal 
aged from 12 to 24 months, B = carcase of uncastrated male animal aged from 24 months, C = carcase of 
castrated male animal aged from 12 months, D = carcase of female animal that has calved, E = carcase of 
other female animal aged from 12 months and Z = carcase of animal [male or female] aged from 8 to 
12 months), conformation (S = superior, E = excellent, U = very good, R = good, O = fair and P = poor) and 
fat coverage (1 = low, 2 = slight, 3 = average, 4 = high and 5 = very high). 
SECTION I Literature review and objectives 
10 P. H. IMAZAKI 
The different stages of slaughtering may affect the quality of beef. For instance, 
short-term acute stress, such as excitement immediately before slaughter, produces 
lactic acid from the breakdown of glycogen, resulting in meat which has a lower pH, 
lighter colour, reduced water binding capacity, and is possibly tougher (Grandin, 1980). 
Moreover, the primary sources of microbiological contamination of beef carcases along 
the slaughter line are the leakage of intestinal contents and cross-contamination with 
dirty hides of slaughtered animals (Madden et al., 2004; Blagojevic et al., 2012). In both 
cases, the contamination is of faecal origin (Barco et al., 2015) and compromises the 
shelf life of meat. Finally, efficient postmortem chilling processes of beef carcases 
ensures food safety, maximising shelf life (Savell et al., 2005). 
1.2.3 The conversion of muscle to meat 
During the 24 to 48 h postmortem, bovine muscle undergoes a complex 
biochemical and physiological mechanisms in the process of becoming meat. After 
slaughtering, blood is no longer transferred to tissues to support metabolic functions. 
In consequence, when there is no more O2 available from the circulatory system, the 
myofibres use remaining O2 bound to myoglobin (Mb) to maintain aerobic metabolism 
generating adenosine triphosphate (ATP). That O2 is rapidly depleted, and ATP is 
subsequently derived from creatine phosphate and adenosine diphosphate by the 
enzyme creatine kinase (Strasburg and Xiong, 2017). Then, glycolysis proceeds without 
O2 and produces lactic acid as a result of anaerobic glycolysis, creating a lactic acid 
build-up and therefore a decrease in pH. Usually, the pH in the bovine muscle decreases 
from 7.0 upon slaughter to approximately 5.3-5.8 in 18-40 h when chilling is applied 
(Savell et al., 2005). 
Additionally, after death, the concentration of Ca2+ in the cytosol increases due 
to the deterioration of the sarcoplasmic reticulum, and, with the depletion of ATP, the 
activity of Ca2+ ion pumps, which remove calcium from the cytoplasm, stops (Strasburg 
and Xiong, 2017). Once Ca2+ is introduced into the cytosol, it binds to the troponin of 
thin filaments, which causes the troponin-tropomyosin complex to change shape and 
allow the myosin heads to link to the active sites of actin proteins (Cooper, 2000) 
(Figure 2). When there is little ATP available to break down the actin and myosin bonds 
(Figure 3), muscles cannot relax and therefore become inextensible (Savell et al., 2005). 
This state is called rigor mortis. 
 CHAPTER 1 Literature review 
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Figure 2 (A) In the absence of 
Ca2+, the troponin-tropomyosin 
complex blocks the binding of 
myosin to actin. (B) Cross-
sectional view (Cooper, 2000). 
 
Figure 3 The binding of adenosine 
triphosphate (ATP) dissociates myosin 
from actin (Cooper, 2000). 
 
In the last stage of the conversion of muscle into meat, enzymatic degradation 
caused by proteolytic enzymes including cytoplasmic calpains and lysosomal proteases 
increases eating quality regarding meat tenderness (Savell et al., 2005). Furthermore, 
enzymatic reaction will also break proteins into savoury amino acids and fats and fat-
like membrane molecules into aromatic fatty acids (Perry, 2012). This process, called 
ageing, usually takes several days for beef at chilling temperature and may be 
performed (1) by hanging half-carcases or quarters in a chill room (dry-ageing on the 
carcase), (2) by placing primal or sub-primal cuts on a rack to dry at chill temperatures 
(dry-ageing) or (3) by sealing meat in vacuum bags and storing them in a refrigerator 
unit (wet-ageing) (Perry, 2012; Imazaki et al., 2018). 
1.2.4 Processing and distribution 
Traditionally, beef used to be distributed between abattoirs to retailers outlets 
as half carcases or quarters without protective packaging at refrigeration temperatures. 
In the 1960s, a combination of costs related to meat hanging, the trend toward 
centralised processing and the development of food-grade impermeable packaging 
films have contributed to the specialisation of cutting plants and the expansion of the 
marketing of primal and sub-primal cuts in vacuum bags (Hodges et al., 1974). In fact, 
more than 80% of the beef in Europe and North America is shipped from meat packers 
to retailers and hotel/restaurant/institutional (catering) operation in the form of 
vacuum-packaged cuts (Brody, 1999). At the retail level, modified atmosphere 
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packaging (MAP) systems with 70-80% O2 and 20-30% CO2 are widely used because O2 
favours the bright red colour of meat which is appealing to consumers. Besides, CO2 
aids in preventing microbial growth (Kim et al., 2010). Further information on meat 
packaging will be presented in Subsection 1.4.2. 
1.3 Factors limiting the shelf life of meat 
The factors that affect the shelf life and stability of meat are numerous, complex 
and interconnected. The manner in which meat is produced will ultimately affect its 
shelf life and stability. Maintaining the appropriate level of hygiene pre- and 
postproduction is essential for ensuring low levels of pathogenic and spoilage micro-
organisms (O'Sullivan, 2016). Moreover, the control of the oxidation of Mb and lipids can 
prevent the development of discolouration and off-flavours, respectively. The microbial 
factors limiting the shelf life of meat will be discussed in Subsection 1.3.1., while the 
physicochemical factors will be considered in Subsection 1.3.2. 
1.3.1 Microbial 
Fresh meat is, from a microbiological point of view, a highly perishable product 
due to its biological composition, pH and water activity (aw), which are usually 
compatible with microbial development. Although deterioration of meat can occur in 
the absence of micro-organisms (e.g., proteolysis, lipolysis and oxidation), microbial 
growth is by far the most critical factor about keeping the quality of fresh meat 
(Lambert et al., 1991). Meat is contaminated with the microbiota originating initially 
from the animal and abattoir facilities (Pothakos et al., 2015), and then from the 
processing environment, transportation and distribution (McMillin, 2008; Nychas et al., 
2008; O'Sullivan, 2016). In this subsection, pathogenic and indicator micro-organisms 
involved with public health will be presented briefly. Then, a more in-depth description 
of spoilage micro-organisms associated with beef, which are subject of this thesis, will 
be done. 
The presence and the development of pathogenic bacteria may limit the shelf 
life of fresh meat. The Regulation (EC) No 2073/2005 on microbiological criteria for 
foodstuffs (European Commission, 2005) present specific tolerance limits for 
 CHAPTER 1 Literature review 
P. H. IMAZAKI 13 
pathogenic and indicator micro-organisms loads for which food must comply. In this 
regulation, hygiene process criteria are established for beef. These criteria indicate the 
acceptable functioning of the production process and are not applicable to products 
placed on the market for the final consumer. Furthermore, in Belgium, the Federal 
Agency for the Safety of the Food Chain (FASFC) has published an inventory of action 
limits and proposals for microbial hazards that can be used in the context of official 
controls or by operators as part of self-checking (FASFC, 2018). Table 2 presents the 
microbiological hygiene process criteria and action limits for cattle carcases and fresh 
beef. 
Odour, colour and even texture defects may result from the synthesis of specific 
molecules by spoilage bacteria through metabolic pathways, such as those involved 
with energy production or synthesis of molecules essential for bacterial growth. As a 
consequence of primals and sub-primals packaging and storage conditions (i.e., low 
temperature and low-O2 atmospheres), mainly psychrotrophic and facultative 
anaerobic species present the capacity to grow in such environments, leading to the 
development of bacteria including Proteobacteria (e.g., Acinetobacter, Enterobacter, 
Hafnia, Proteus, Serratia, Aeromonas, Alcaligenes and Providencia) and Firmicutes (e.g., 
Brochothrix, Carnobacterium, Enterococcus, Leuconostoc, Weissella, Lactobacillus and 
Lactococcus) (Zagorec and Champomier-Vergès, 2017). Four major groups related to 
fresh meat spoilage (lactic acid bacteria [LAB], Enterobacteriaceae, Pseudomonas and 
Brochothrix thermosphacta) will be presented below. 
Table 2 Microbiological criteria and action limits for cattle carcases and beef. 
Food category Micro-organism 
Sampling Limits  Stage where 
the criterion 
applies 
n c m M 
Carcases of 
cattlea 










 Salmonella 50 2 Absencec 
Fresh beefd Escherichia coli 1 0 100 CFU/g Cutting plant 
 STECe 1 0 Absence/25 g  
n = number of units comprising the sample. 
c = maximum number of sample units giving values between m and M. 
m = microbiological level that separates good quality from defective, or in a three-class plan good from marginally acceptable 
quality. 
M = microbiological level in a three-class plan that separates marginally acceptable quality from unacceptable (defective). In a 
two-class plan M is assimilated to m. 
a European Commission, 2005 
b daily mean 
c area tested per carcase 
d FASFC, 2018 
e Shiga-toxin-producing Escherichia coli 
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Lactic acid bacteria (LAB) make part of a vast group that comprises more than 
ten genera with the largest one, Lactobacillus, including over 100 species (Zagorec and 
Champomier-Vergès, 2017). They are facultative anaerobes or microaerophilic, and 
their fermentative metabolism produces lactate as at least half of the end products 
(Kraft, 1992). A large number of LAB have been described in meat products (Ercolini et 
al., 2006; Doulgeraki et al., 2012). In fact, psychrotrophic LAB are the dominant 
component of the microbial flora of vacuum-packaged fresh chilled meats (Egan, 1983). 
Even though the presence of LAB ensures that shelf life is maximal (Egan, 1983), their 
role in meat spoilage is still very controversial (Pothakos et al., 2015). Indeed, most of 
LAB are considered as beneficial for the product and lots of them, including 
Lactobacillus sakei and Carnobacterium maltaromaticum have been proposed as 
biopreservative agents for meat and meat products (Leisner et al., 2007; Jones et al., 
2010; Chaillou et al., 2014; Koné et al., 2018). Nevertheless, Lactococcus piscium has 
been reported as a meat spoiler responsible for buttery off-odours (Sakala et al., 2002) 
and Leuconostoc gasicomitatum has been associated to gas and slime formation, 
greening of beef and development of pungent acidic and buttery off-odours (Johansson 
et al., 2011). The concomitant role of specifically C. maltaromaticum as a spoiler or 
protective culture in meat has also been documented (Laursen et al., 2005; Leisner et 
al., 2007). 
Although most attention is paid to the pathogenic properties of particular 
genera of Enterobacteriaceae including Escherichia coli and Salmonella, some members 
of the family constitute a critical spoilage group for meat and meat products (Kraft, 
1992). This group includes Serratia liquefaciens, Hafnia alvei and Pantoea agglomerans. 
They use glucose as a source of energy, but can also degrade amino acids after 
carbohydrates with the release of amines, organic sulphides and H2S. Moreover, 
Enterobacteriaceae are also associated with blown pack-type spoilage of vacuum-
packaged beef (Chaves et al., 2012). Additionally, DFD10 meat is not suitable for vacuum 
packaging. In fact, spoilage becomes more apparent when bacteria attack amino acids. 
This does not occur until bacteria exhaust the glucose at the meat surface. However, 
since glucose is absent in DFD meat, amino acids are utilised without delay and spoilage 
becomes evident at lower cell densities than in normal meat. Additionally, the high pH 
of DFD meat allows growth of potent spoilage organisms which would be inhibited at 
the normal ultimate pH of meat (Newton and Gill, 1981). Finally, the H2S produced by 
                                                             
10  Acronym for dark, firm and dry used to describe meat whose pH remains high 24 h after slaughter. 
Dark, firm and dry meat is the result of an exhaustion of the muscle’s glycogen stores before slaughtering 
notably resulting from an intense physical effort. 
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Enterobacteriaceae combines with Mb to form sulphmyoglobin, causing the greening of 
meat (García-López et al., 1998). 
Pseudomonas ludensis, Pseudomonas fragi and Pseudomonas fluorescens are the 
main species of the genus Pseudomonas that are encountered in meat and meat 
products (Nychas et al., 2008). Originating from the environment, they are highly 
dominant on the carcase after slaughtering (Zagorec and Champomier-Vergès, 2017). 
Pseudomonas play a significant role in limiting the shelf life of fresh foods stored 
aerobically at cold temperatures (Remenant et al., 2015) via the activity of heat-stable 
extracellular proteases and lipases (Tryfinopoulou et al., 2002; Ercolini et al., 2007; De 
Jonghe et al., 2011; Quigley et al., 2013). In the case of meat, their growth, utilisation of 
food nutrients such as sugars and amino acids, and release of both volatile and non-
volatile metabolites such as esters, ketones, alcohols, aldehydes organic acids, sulphur 
compounds and amines cause organoleptic changes to the meat resulting in spoilage 
(Montel et al., 1998; Ercolini et al., 2006; Samelis, 2006; Stanborough et al., 2018). 
Brochothrix thermosphacta is a facultative anaerobe that can grow on chilled 
meats and fish stored under low O2 and vacuum packaging (Borch et al., 1996; Ercolini 
et al., 2006). Brochothrix thermosphacta can cause severe economic losses in the food 
industry due to its ability to produce metabolites associated with off-odours (Illikoud et 
al., 2018). In beef, for example, it has been shown that B. thermosphacta produce 
cheesy and creamy dairy off-odours associated with the production of 
3-hydroxy-2-butanone (acetoin), 2,3-butanedione, and 3-methyl-1-butanol (Dainty and 
Mackey, 1992; Casaburi et al., 2014). Despite their widespread occurrence within 
spoiling species, only a few studies have addressed their genomic characteristics 
(Papadopoulou et al., 2012; Illikoud et al., 2018) and little is known about their 
metabolic pathways leading to spoilage. 
1.3.2 Physicochemical 
Oxidative processes are the primary non-microbiological factor implicated in 
quality deterioration of meat during chilled storage. This subsection emphasises three 
major oxidation processes in beef: Mb, lipid and protein (other than Mb) oxidation. The 
conversion of oxymyoglobin (OMb) to metmyoglobin (MMb) provokes meat 
discolouration and compromises its appearance. The oxidation of unsaturated fatty 
acids from phospholipids and triacylglycerols contributes to off-flavours (Faustman et 
al., 2010a). Recent studies also highlighted the potential impact of specific protein 
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carbonyls derived from protein oxidation in particular meat quality traits such as water-
holding capacity, texture, flavour and nutritional value (Estévez, 2011). 
1.3.2.1 Myoglobin (Mb) oxidation 
The colour of meat and meat products is an essential aspect for consumer 
acceptability (Faustman and Cassens, 1990). Consumers consider the bright cherry-red 
colour of raw beef as an indicator of freshness and wholesomeness (Hood and Riordan, 
1973). According to Clydesdale and Ahmed (1978), colour is perhaps the most important 
sensory attribute of food because if it is deemed unacceptable, the food will not be 
purchased and eaten, and consequently, all other sensory attributes lose significance. It 
is clear that colour is, therefore, a critical factor capable of influencing customers when 
buying. Contrariwise, the tenderness and juiciness of the meat remain the determining 
factors of their satisfaction at the moment of consumption (Grunert, 1997; Monson et 
al., 2005; Grobbel et al., 2008). 
Myoglobin (Mb) is the heme protein (Figure 4) responsible for meat colour, and 
the three different redox forms of this protein define the colour of fresh meat. The 
reduced Mb or deoxymyoglobin (DMb) is the dark purplish-red or purplish-pink pigment 
typical of raw vacuum-packaged beef. Deoxymyoglobin (DMb) contains ferrous iron 
(Fe2+) with a vacant sixth coordination site. Exposed to air, DMb combines with O2 to 
form the bright red pigment OMb, which has O2 connected to the sixth coordination site 
of Fe2+. Beyond a certain time, influenced by the intrinsic properties and the 
preservation conditions of the meat, the surface OMb layer gradually disappears in 
favour of the oxidised Mb form or MMb. Metmyoglobin (MMb) is the oxidised brown 
coloured form of Mb, and it contains ferric iron (Fe3+). Water is the ligand at the sixth 
position of Fe3+ in MMb (Mancini and Hunt, 2005; Mancini et al., 2005; Kim et al., 2006; 
Suman et al., 2010; American Meat Science Association [AMSA], 2012; Suman et al., 
2014). 
Myoglobin (Mb) oxidation is favoured by high temperatures (Brown and Mebine, 
1969), low pH values (Gotoh and Shikama, 1974) and the presence of non-heme iron 
(Allen and Cornforth, 2006). Low non-zero partial pressures of oxygen (pO2) favour MMb 
formation (George and Stratmann, 1952; Ledward, 1970). Conversely, pO2 in which a 
complete vacuum exists (pO2 = 0) or in which O2 saturation is attained (high pO2) favour 
ferrous Mb forms (Faustman et al., 2010a). In bloomed meat, after storage, OMb, MMb 
and DMb co-exist, and their concentration depends on the freshness and pO2 
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Figure 6 Visible myoglobin redox interconversions, adapted from Mancini and Hunt (2005). 
Rx: reaction. 
The formation of MMb can be limited in postmortem muscle by the transfer of an 
electron to heme Fe3+ to form DMb. This phenomenon is called metmyoglobin reducing 
activity (MRA) and involves a series of enzymatic and non-enzymatic mechanisms 
(Bekhit and Faustman, 2005). The enzyme NADH-cytochrome b5 reductase is the best-
characterised enzyme involved in the reduction of oxidised heme proteins. The major 
components required for the enzymatic reduction of MMb by that system are the 
enzyme NADH-cytochrome b5 reductase itself, the intermediate cytochrome b5 and the 
cofactor nicotinamide adenine dinucleotide in its reduced form (NADH). Moreover, 
researchers have also reported non-enzymatic reduction for MMb by high 
concentrations of NADH or nicotinamide adenine dinucleotide phosphate (reduced 
form) in the presence of ethylenediaminetetraacetic acid (EDTA) (Brown and Snyder, 
1969; Bekhit et al., 2001). 
1.3.2.2 Lipid oxidation 
Lipid oxidation represents a significant cause of deterioration in meat and meat 
products. Several products of lipid oxidation are responsible for rancid odours and 
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flavours, and some are very reactive (Pearson et al., 1977; Faustman et al., 2010a). 
Substrates necessary for lipid oxidation in meat include unsaturated fatty acids, O2 and 
chemical species that accelerate oxidation (e.g., iron) (Kanner et al., 1988; Sohaib et al., 
2017). The intake of oxidised lipids raises blood oxidation markers, leads to cell 
damage, and increases the risk of suffering health disorders such as coronary heart 
diseases, neurodegenerative disorders, and certain types of cancer (Esterbauer et al., 
1992, 1993; Sies et al., 2005; Awada et al., 2012). The role played by lipid oxidation 
products in the pathogenesis is usually linked to the cytotoxicity and mutagenicity 
potential of these species on the gastrointestinal tract or internal organs upon 
absorption (Esterbauer et al., 1993) 
Lipid oxidation is the result of chain reactions that occur in three simultaneous 
phases: initiation, propagation and completion. The two first phases lead to the 
formation of radicals, which are rapidly transformed into non-radical compounds such 
as conjugated dienes and hydroperoxides, which are both considered primary products 
of lipid oxidation. These compounds decompose further and give rise to carbonyl 
compounds, ketones, alcohols, and aldehydes, which are considered secondary 
products of lipid oxidation (Guyon et al., 2016). The most well-known secondary 
product of lipid oxidation in red meat is malondialdehyde (MDA) (Faustman et al., 
2010b). Other examples of secondary products include hexanal, propanal (Siu and 
Draper, 1978; Sakai et al., 1998) and 4-hydroxynonenal (Sakai et al., 1995). The nature of 
formed primary and secondary oxidation products reflects the degree and location of 
unsaturation in the fatty acid substrates (Belitz et al., 2009; Faustman et al., 2010b). A 
general overview of the different steps of lipid oxidation in meat is shown in Figure 7. 
 
Figure 7 General overview of the different steps of lipid oxidation in meat (Guyon et al., 2016). 
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A variety of factors can predispose meat to lipid oxidation. For example, meat 
from non-ruminants contains higher relative concentrations of unsaturated fatty acids 
within triacylglycerols (Enser et al., 1996) and displays more rapid lipid oxidation than 
that of ruminants (Tichivangana and Morrissey, 1985). Furthermore, muscles with 
higher proportions of red fibres are more susceptible to oxidation because they contain 
more iron and phospholipids than muscles containing predominantly white fibres 
(Wood et al., 2004). Lipid oxidation and Mb oxidation often appear to be linked, and the 
oxidation of one of these leads to the formation of chemical species that can exacerbate 
oxidation of the other (Faustman et al., 2010a). Figure 8 summarises the potential 
interacting oxidation reactions between OMb and unsaturated fatty acids in lipid 
bilayers. 
 
Figure 8 Summary of potential interacting oxidation reactions between oxymyoglobin and 
unsaturated fatty acids in lipid bilayers (Faustman et al., 2010a). HNE: 4-hydroxynonenal; MbO2: 
oxymyoglobin; MetMb: metmyoglobin; MetMb HNE: covalent attachment of MetMb and HNE. 
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1.3.2.3 Protein oxidation 
Protein oxidation is a relatively new topic of increasing interest among meat 
researchers. This process can lead to denaturation and loss of functionality, impacting 
meat quality traits such as water-holding capacity, texture, flavour and its nutritional 
value (Estévez, 2011; Jongberg et al., 2017) (Figure 9). Recent reports have indicated 
the involvement of dietary protein oxidation species on particular health disorders 
(Estévez and Luna, 2017; Jongberg et al., 2017). In fact, the oxidation of food proteins 
during processing and storage leads to the inexorable accumulation of oxidation 
products that will be primarily exposed to the gastrointestinal tract. Scientific evidence 
supports the impact of dietary oxidised proteins on intestinal flora disturbance, the 
redox state of intestinal tissues and the onset of local pathological conditions 
(Keshavarzian et al., 2003; Fang et al., 2012; Xie et al., 2014). The occurrence of oxidised 
proteins in the gut may also have consequences on internal organs upon intestinal 
uptake of oxidised amino acids/small peptides. Gurer-Orhan et al. (2006) already 
hypothesised that oxidised amino acids might be misincorporated into proteins such as 
enzymes and structural elements in cells, potentially contributing to malfunction, cell 
apoptosis and disease. 
 
Figure 9 Altered meat protein functionalities due to oxidation of myofibrillar proteins 
(Jongberg et al., 2017). WHC: water holding capacity. 
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Oxidation of proteins is believed to progress through a free radical chain 
reaction similar to that of lipid oxidation although the oxidation of proteins seems to be 
more complicated and to produce an even higher multiplicity of reaction products 
(Dean et al., 1997; Jongberg et al., 2017). The abstraction of a hydrogen atom by 
reactive oxygen species (ROS) leads to the generation of a protein carbon-centred 
radical (P•) which is consecutively converted into a peroxyl radical (POO•) in the 
presence of O2, and an alkyl peroxide (POOH) by abstraction of a hydrogen atom from 
another molecule. Further reactions with HO2• lead to the generation of an alkoxy 
radical (PO•) and its hydroxyl derivative (POH) (Lund et al., 2011). 
Myofibrillar proteins are susceptible to oxidative reactions with myosin being the 
most sensitive, followed by troponin T (Martinaud et al., 1997). Among amino acids, 
cysteine, tyrosine, phenylalanine, tryptophan, histidine, proline, arginine, lysine and 
methionine have been described as particularly susceptible to ROS (Dean et al., 1997). 
The nature of the protein oxidation products formed is highly dependent on the amino 
acids involved and how the oxidation process is initiated. The side chains of some 
particular amino acids such as arginine, lysine and proline are oxidised through 
metal-catalysed reactions into carbonyl residues while others such as cysteine or 
methionine are involved in cross-linking or yield sulfur-containing derivatives (Lund et 
al., 2011). 
Lastly, oxidation processes related to lipids, proteins, and heme proteins are 
individually relatively well understood. However, the coupling between degradation 
processes in meat has not been investigated in detail. 
1.3.2.4 Endogenous antioxidants in meat 
Meat has a complex physical structure and chemical composition that is very 
susceptible to oxidation. The oxidative stability of meats depends upon the balance and 
the interaction between endogenous anti- and pro-oxidant substances and the 
composition of substrates prone to oxidation including polyunsaturated fatty acids, 
cholesterol, proteins and pigments (Decker and Xu, 1998). 
Endogenous antioxidant systems are composed of non-enzymatic compounds 
such as vitamin E, vitamin C, carotenoids, ubiquinols, polyphenols and cellular thiols, 
and enzymes like superoxide dismutase (SOD), catalase (CAT) and glutathione 
peroxidase (GSH-Px). Together, enzymatic and non-enzymatic antioxidant systems 
operate to counteract the action of pro-oxidants in muscle tissues (Chan and Decker, 
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1994; Decker et al., 2000; Pastsart et al., 2013; Imazaki et al., 2018) both in living animals 
and after slaughter (Serpen et al., 2012). 
1.4. Preservation techniques for fresh meat 
Fresh meat is a highly perishable product due to its biological composition. 
Many interrelated factors influence the shelf life and freshness of meat such as holding 
temperature, O2, endogenous enzymes, moisture, light and micro-organisms (Zhou et 
al., 2010). This subsection is divided into four parts. The first two parts 
(Subsections 1.4.1 and 1.4.2) describe the two techniques authorised for fresh meat 
preservation in the EU: refrigeration and vacuum packaging/MAP. Subsection 1.4.3 
gives a brief overview of unauthorised preservation techniques in the EU and 
Subsection 1.4.4 explores the estimation of the maximum shelf life possible for fresh 
meat. 
1.4.1 Refrigeration 
Refrigeration retards spoilage as it will primarily hinder the development of 
micro-organisms. However, refrigeration cannot improve the initial quality of the 
product, hence the importance of assuring high microbial quality in the starting 
material. Unlike thermal sterilisation, refrigeration is not a method of permanent 
preservation. Thus, refrigerated foods have a definite shelf life (Berk, 2018). For fresh 
meat, refrigeration, above or below the freezing point, has been the traditional 
preservation method for centuries11. During meat storage, transport and retail display, 
maintaining the cold chain and therefore the temperature of the product is a primary 
aim. Within the cold chain, two processes often used by the meat industry are chilling 
and freezing (James and James, 2004; Zhou et al., 2010). 
                                                             
11  Recognition by early civilisations of the preservative effects of cold temperature storage of perishable 
products such as meat led to storage of such products in natural caves where temperatures were 
relatively low throughout the year. 
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1.4.1.1 Chilling 
Chilling can be defined as the fundamental operation in applying cold to meat 
(or other foods) to reduce its temperature (Cano-Muñoz, 1991). According to the 
Regulation (EC) No 853/2004 on the hygiene of foodstuffs (European Parliament and 
Council of the European Union, 2004), beef chilling should start in the slaughterhouse 
immediately after postmortem inspection to ensure a temperature throughout the 
meat of not more than 7°C along a chilling curve that provides a continuous decrease of 
the temperature. A limiting factor, however, is the difficulty in removing heat quickly 
from the more deep tissues of carcases (Zhou et al., 2010), while avoiding cold 
shortening. Cold shortening can often be seen in beef and mutton, when the meat, still 
in its pre-rigor phase, reaches temperatures of 10°C or lower. These conditions cause 
irreversible immobilisation of the muscle tissue which toughens the meat even after 
prolonged ageing (Cano-Muñoz, 1991). 
Stored chilled meat is mainly intended to serve as buffer stock between 
production, transport and consumption (Cano-Muñoz, 1991). In general, as meat moves 
along the cold chain it becomes increasingly difficult to control and maintain its 
temperature: temperatures of bulk packs of meat in vast storerooms are far less 
sensitive to small heat inputs than single consumer packs in transport or open display 
cases (Aidani et al., 2014). 
1.4.1.2 Freezing 
Freezing consists of lowering the temperature of meat or other foods to −18°C 
and keeping it at this temperature for storage. Modern commercial meat freezing has a 
surprisingly long history. It is believed that the first contemporary meat freezing works 
were established at Darling Harbour in Sydney (Australia) in 1861, and the first entirely 
successful frozen meat shipment was that of the SS Paraguay from Buenos Aires 
(Argentina) to Le Havre (France) in 187712 (Troubridge Critchell and Raymond, 1912). 
Freezing is usually limited to meat intended for export or later processing. Indeed, when 
the preservation period is more extended than that acceptable for chilled meat, 
freezing must be used to minimise any physical, biochemical and microbiological 
changes affecting quality in storage. During freezing most of the water content of the 
                                                             
12  Due to a collision, the ship took seven months(!) to complete her journey; however, the 5,500 mutton 
carcases were still reported to be in “tip-top condition” when the ship arrived at Le Havre. 
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meat, about 80%, solidifies into pure ice crystals, accompanied by a separation of 
dissolved solids (Cano-Muñoz, 1991). In consequence, the preserving action of freezing 
is explained primarily by the depression of aw (Berk, 2018). 
The preservation capacity of frozen meat is limited because the physical, 
chemical or biochemical reactions that take place in animal tissues after slaughtering 
do not stop entirely after cold treatment (Rosmini et al., 2004). Microbial growth stops 
at −12°C, and total inhibition of the cellular metabolism in animal tissues occurs below 
−18°C (Perez-Chabela and Mateo-Oyague, 2004). Complete quality changes of meat can 
be prevented at a temperature of −55°C (Hansen et al., 2004), which is currently 
economically unfeasible. In this manner, during freezing at −18°C, enzymatic reactions, 
oxidative rancidity and ice crystallisation still play an essential part in spoilage (Zhou et 
al., 2010). 
Frozen meat also suffers from a perception that its eating quality is not as good 
as that of “fresh” chilled meat. Studies have shown that the formation of ice crystals 
during freezing damages the fibre structure and concentrates the solutes in the meat 
which, in turn, leads to alterations in biochemical reactions that occur at the cellular 
level, influencing the physicochemical quality parameters of the product (Leygonie et 
al., 2012; Li et al., 2018). Nonetheless, many inconsistencies exist in the literature 
regarding the combined effect of freezing and thawing on quality attributes of meat 
including colour, oxidation susceptibility, tenderness, juiciness, the degree of liking and 
the microbiological shelf life post freeze/thaw (Lagerstedt et al., 2008; Leygonie et al., 
2012; Muela et al., 2012; Kim et al., 2017; Bogdanowicz et al., 2018). 
1.4.2 Packaging 
The primary function of food packaging is to protect products against 
deteriorative effects, which may include discolouration, off-flavour and off-odour 
development, nutrient loss and texture changes (Zhou et al., 2010). However, packaging 
and packaging-related product traits also influence purchase intentions and decisions 
by consumers at the retail level (Verbeke et al., 2005; Grobbel et al., 2008). In this 
manner, it is required that the design of packaging maintain and inhibit deterioration of 
quality attributes, providing consumers convenience and information about the 
product (Yam et al., 2005). In consequence, packaging functions have been categorised 
into four roles: protection, preservation, handling facilitation and communication 
(Lindh et al., 2016). 
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As already discussed in Subsection 1.2.4, significant changes in raw chilled 
meat packaging were observed in the middle of the 20th century. The economies of 
carcase breaking in processing plants and shipment of primal cuts rather than carcases, 
sides or quarters to retail stores for cutting into retail portions propelled advances in 
vacuum packaging materials and equipment. Moreover, butcher cutting and wrapping 
of meat in paper or waxed paper upon demand by the purchaser has been gradually, 
but not totally, replaced by centralised cutting operations and display of the packages 
in refrigerated self-service display cases in many developed countries (McMillin, 2008). 
Many of the case-ready systems incorporate modification of the atmosphere because 
system cost economies and efficiencies coupled with the developments in packaging 
materials, processing and equipment have made vacuum packaging and MAP practical 
and economically competitive for meat (Zhao et al., 1994). 
Today, popular packaging options for raw chilled meat are air-permeable 
packaging (stretch wrap), vacuum (low-O2) and high-O2 modified atmosphere (Zhou et 
al., 2010). The choices of packaging for specific cuts or products are usually dependent 
upon the characteristics desired for storage and display and the expectations of 
purchasers. Air-permeable packaging is used for short-term storage (3 to 4 days) and 
retail display of raw chilled meat. Conversely, vacuum and high-O2 modified 
atmosphere are used for long-term storage or display of raw chilled products, 
depending upon the specific desired attributes and applications (Lindh et al., 2016; 
McMillin, 2017). Vacuum and high-O2 modified atmosphere will be described in the next 
subsections. 
1.4.2.1 Vacuum packaging 
Vacuum packaging is the process of removing gases (with particular emphasis 
on the removal of O2) from within the packaging environment (Kerry and Tyuftin, 2017). 
The lack of O2 in vacuum packaging minimises the oxidative deteriorative reactions and 
reduces aerobic bacteria growth (McMillin et al., 1999; Lund et al., 2007; Imazaki et al., 
2018). Indeed, a significant benefit of using vacuum packaging is that it creates an O2-
less environment. Thus, rapid aerobic meat spoilers such as Pseudomonas species are 
controlled, and the product shelf life significantly extended. Spoilage of vacuum 
packaging red meat usually develops over several weeks and is brought about by the 
presence of Enterobacteriaceae, B. thermosphacta or LAB (Kerry and Tyuftin, 2017). 
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In general, the gaseous environment created is based on the manipulation of 
CO2, O2, and N213 (Kerry and Tyuftin, 2017). Carbon dioxide is used due to its particular 
bacteriostatic properties, which prevents or delays the growth of fast spoiling aerobic 
bacteria such as Pseudomonas, which dislikes the presence of this gas, even at low 
concentrations (Hintlian and Hotchkiss, 1987; McMillin, 2008; Vermeulen et al., 2013). 
Gram-negative bacteria are more sensitive to CO2 than Gram-positive bacteria (Church, 
1994) because most Gram-positive bacteria are facultative or strict anaerobes (Gill and 
Tan, 1980), but individual bacteria vary in sensitivity to CO2 (Farber, 1991). Excessive CO2 
absorption into a product such as meat can cause moisture loss and negatively impact 
on texture, discolouration and taste (Kerry and Tyuftin, 2017). Dioxygen is used to 
maintain the fresh red colour of meat. However, it must be noted that while O2 is 
delivering this commercially desired effect, it is also driving negative oxidative reactions 
leading to lipid oxidation, protein oxidation, microbial growth, and vitamin 
degradation. Dinitrogen is an inert gas, and its primary functions are to displace O2 and 
to counter-balance CO2 levels in packs to keep the shape of the package by preventing 
pack collapse (Kerry and Tyuftin, 2017). Beef repackaged in a high-O2 atmosphere can 
be seen in Figure 5 (left). 
Carbon monoxide (CO) has a history in the meat industry due to its colour 
stabilising effects coupled with antioxidant abilities. However, CO is prohibited in the 
EU mainly due to fears it may mask spoilage, therefore, misleading consumers. In fact, 
CO can readily bind to Mb to form the highly-stable red pigment carboxymyoglobin, 
maintaining an acceptable colour beyond the spoilage shelf life (Van Rooyen et al., 
2017). 
1.4.3 Unauthorised technologies in the EU for the preservation of fresh meat 
1.4.3.1 Ionising radiation 
Ionising radiation has been proposed as a suitable method for the prolongation 
of storage life of meat and meat products (Millar et al., 2000). The advantages of ionising 
radiation for food preservation include their highly efficient inactivation of bacteria, the 
low total chemical change they cause and the substantial thickness of material which 
can be treated after packing in containers (Ahn et al., 2017). Radiation energies are 
                                                             
13 The Regulation (EC) No 1333/2008 on food additives allows the use of other gases in food packaging 
including argon and helium. 
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classified into three categories: electromagnetic radiation (γ and X-rays), charged 
particle radiation (α- and β-rays and electron beam) and uncharged particles (photons 
and neutrons). Among the ionising radiation, only high-energy electrons from linear 
accelerators, X-rays produced by the collision of high-energy electrons with a metal 
(e.g., tungsten) target and γ-rays from radioactive sources (e.g., 60Co) are useful for 
treating foodstuffs (Brynjolfsson, 1989). Due to the high penetrating capabilities of 
X-rays and particles, micro-organisms present on food surfaces and deep layers of food 
are inactivated (Lawrie and Ledward, 2006).  
Ionising radiation is more efficient than thermal treatments due to the low 
energy needed to reduce microbial counts (Aymerich et al., 2008). Nonetheless, the 
application of irradiation may accelerate lipid and protein oxidation and off-odour 
production (Ahn et al., 2017). However, Graham et al. (1998) demonstrated that if 
radiation dosage level is correctly applied (2 to 5 KGy), then even the most sensitive 
nutrients would not be affected during irradiation of muscle foods. Irradiation 
technology has been accepted in 50 countries (Aymerich et al., 2008; Zhou et al., 2010). 
The radionuclides approved for food irradiation include 137Cs and 60Co (Zhou et al., 
2010). The consumer resistance to its use in foods, especially within the EU, continues 
to dampen the widespread usage of this preservation technique (Kerry and Tyuftin, 
2017). 
1.4.3.2 Chemical preservatives 
For millennia, humans have used a wide range of naturally occurring substances 
derived from organic and inorganic sources for addition to foodstuffs in an attempt to 
make them safer to eat and to allow consumption of these food products over a more 
extended period (Kerry and Tyuftin, 2017). 
Lactates, for example, have been a frequently active inhibitory agent used in 
fresh meat preservation (Zhou et al., 2010) through fermentation processes. The 
antimicrobial effects of lactates are due to their ability to lower aw and the direct 
inhibitory effect of the undissociated form lactic acid14, which penetrates the 
cytoplasmic membrane, resulting in reduced intracellular pH and disruption of the 
transmembrane proton motive force (Ray and Sandine, 1992; Houtsma et al., 1993; 
Koos and Jansener, 1995). In 2013, the use of lactic acid to reduce microbiological 
                                                             
14  At pH 5.5, only 2.2% of the total lactic acid is in its undissociated form. 
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surface contamination on bovine carcases only was approved in the EU (European 
Commission, 2013a). The antimicrobial activity of other acid salts including sodium 
diacetate in meat products has also been studied (Koo et al., 2012). 
Natural compounds, such as essential oils, chitosan, nisin and lysozyme, have 
been investigated to replace chemical preservatives and to obtain ‘green label’ 
products. Various spices and essential oils have preservative properties and have been 
used to extend the storage life of meat products. These include eugenol in cloves and 
allyl isothiocyanate in mustard seed (Zhou et al., 2010). 
1.4.3.3 Biopreservation 
Biopreservation is the general term for methods of food preservation that use 
microbial activities to inhibit the growth of spoilage and pathogenic microbes (Yost, 
2014). Actually, storage life may be extended and safety increased by using natural or 
controlled microflora, of which LAB and their antimicrobial products such as lactic acid 
and bacteriocins have been studied extensively (Leisner et al., 1995; Laursen et al., 2005; 
Castellano et al., 2008). Most of the LAB species are considered as beneficial, and lots of 
them have been proposed as biopreservative agents for meat products (Zagorec and 
Champomier-Vergès, 2017). 
Among LAB of meat products, Lb. sakei is undoubtedly one of the most studied 
species due to its role in the fermentation of sausage and its prevalence during cold 
storage of raw meat products. This species exhibits a wide genomic diversity that can 
be observed when studying different strains and on which probably rely its multiple 
facets in meat products: starter, spoiler, or protective culture (Zagorec and 
Champomier-Vergès, 2017). Biopreservation trials in fresh meat products have been 
directed either against pathogens (e.g., Listeria monocytogenes, Salmonella 
Typhimurium and E. coli O157:H7) or against spoilers (e.g., B. thermosphacta and 
Clostridium estherteticum) aiming at extending shelf life (Jones et al., 2008; Chaillou et 
al., 2012). 
Castellano et al. (2008) proposed the use of Lactobacillus curvatus as a protective 
culture in fresh beef since it is useful in inhibiting Listeria innocua and B. thermosphacta 
as well as the indigenous contaminant LAB. Its inhibitory effect is observed at low 
temperatures, and it has a negligible effect on meat pH. Nevertheless, Pereira et al. 
(2001) and Pachlová et al. (2018) reported the production of biogenic amines by 
Lb. curvatus. 
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Carnobacterium divergens, C. maltaromaticum and Leuconostoc spp. have been 
extensively studied as protective cultures capable of inhibiting the growth of 
L. monocytogenes in fish and meat products (Hastings et al. 1994; Leisner et al., 2007; 
Koné et al., 2018). Furthermore, the genus Carnobacterium predominates in vacuum-
packaged beef primal with an extremely long shelf life (Imazaki et al., 2011; Imazaki et 
al., 2012; Kaur et al., 2017). 
The bacteriocins produced by LAB are a heterogeneous group of antibacterial 
peptides that vary in the spectrum of activity, mode of action, molecular weight, genetic 
origin and biochemical properties (Stiles and Hastings, 1991), and the use of 
bacteriocins themselves as additives is now being considered (Yost, 2014). Class I 
bacteriocins are small (< 5 kDa) membrane-active peptides called lantibiotics. Class II 
bacteriocins are small (< 10 kDa) heat-stable non-lantibiotics that can be grouped into 
three subclasses: subclass IIa comprises Listeria-active peptides that contain the 
N-terminal consensus sequence Tyr-Gly-Asn-Gly-Val-Xaa-Cys-, subclass IIb comprises 
poration complexes consisting of two peptides for activity and subclass IIc comprises 
thiol-activated peptides requiring reduced cysteine residues. Class III comprises large 
(> 30 kDa) heat-labile bacteriocins. Class IV comprises complex proteins composed of 
one or more chemical moieties (Klaenhammer, 1993). Nisin belongs to the class I 
lantibiotics and is the most widely exploited and applied bacteriocin (Zacharof and 
Lovitt, 2012). The nisin produced by Lactococcus lactis subsp. lactis is active against 
Gram-positive organisms, including bacterial spores, but is not active against Gram-
negative bacteria, yeasts and fungi (Economou et al., 2009). Nisin is virtually nontoxic to 
humans and is degraded without damage to the intestinal tract (Bernbom et al., 2006; 
Joo et al., 2012). The high specificity of class IIa bacteriocins against the psychrophilic 
food pathogen L. monocytogenes has brought this group to prominence in its potential 
use against this lethal pathogen. It should be considered as an essential advantage that 
class IIa bacteriocins do not undergo further post-translational modifications than the 
cleavage of a leader peptide from the precursor (Ríos Colombo et al., 2018). 
1.4.3.4 High hydrostatic pressure 
Derived from material sciences, high-pressure technology (100–1000 MPa) is of 
increasing interest to biological and food systems (Cheftel and Culioli, 1997). The 
usefulness of high hydrostatic pressure as a food preservation technology is based on 
the destruction of foodborne pathogens, spoilage organisms, and inactivation of 
specific enzymes at low temperatures (Farkas and Hoover, 2000). Pressure processing is 
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usually carried out in a steel cylinder containing a liquid pressure-transmitting medium 
such as water, with the sample being protected from direct contact by using sealed 
flexible packaging. Maintaining the sample under pressure for an extended period does 
not require any additional energy apart from that required to maintain the chosen 
temperature (Cheftel and Culioli, 1997). 
Several sites in the microbial cell can be damaged by high pressure, depending 
on the level of pressure applied. Protein synthesis is inhibited at 50 MPa, while partial 
denaturation of proteins occurs at 100 MPa. The increase in pressure to 200 MPa causes 
damage to the bacterial cell membrane, and a further increase in pressure to about 
300 MPa causes irreparable damage to enzymes and proteins. Those cellular lesions 
result in disruption of the cytoplasmic membrane, leakage of cellular material, and 
subsequent death of the microbial cell (Abe, 2007). High hydrostatic pressure has been 
shown to result in changes in the mechanical properties leading to an improved 
tenderness of meat (Cheftel and Culioli, 1997; Ma and Ledward, 2004; Sikes et al., 2010). 
However, high hydrostatic pressure, even at low temperatures, may have an 
undesirable effect on fresh meat colour (Carlez et al., 1995; Jung et al., 2003) as a result 
of denaturation of globin in Mb with haem displacement or release and ferrous 
oxidation (Mor-Mur and Yuste, 2003). 
1.4.4 The maximum shelf life of chilled fresh beef 
The extension of the shelf life of raw chilled meat must be based on both the 
retardation of the onset of bacterial spoilage and the delay of the deterioration of the 
appearance of the product. Bacterial spoilage is delayed by packaging under anaerobic 
conditions or aerobic atmospheres containing CO2. The control of bacterial spoilage 
also requires that product temperature be maintained close to the optimum for chilled 
storage and attention to the hygienic condition of the product before it is packaged. 
Preserving the product appearance is mostly a matter of slowing or preventing the 
formation of brown MMb at muscle surfaces. Browning is slowed in atmospheres which 
are rich in O2, and persistent browning is entirely prevented when meat is packaged 
under O2-depleted atmospheres (Gill, 1996). 
Considerable gains in shelf life can be made when chilling temperatures are 
close to the freezing point of meat (−2°C) (Jeremiah and Gibson, 2001; Small et al., 
2012). In a study by Jeremiah and Gibson (2001), storage life was more than doubled for 
retail-ready beef steaks by storage at a subzero temperature (−1.5°C) when compared 
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to storage at 2 and 5°C. Beef stored at −1.5°C presented a shelf life superior to 24 weeks. 
Moreover, samples stored at −1.5°C maintained a retail case-life of 30 h when stored for 
up to 17 weeks, while samples stored at 2 and 5°C kept a retail case-life of 30 h when 
stored for only eight and seven weeks, respectively. In a study by Small et al. (2012), 
vacuum-packaged strip loins and cube rolls stored at −0.5°C also had a shelf life 
superior to 26 weeks. However, the effect of repackaging in retail cases and display was 
not evaluated in the last study. 
1.5. Evaluation of the shelf life of meat 
In the EU, the responsibility for determining shelf life lies with the manufacturer 
or the packer. Thus, conducting storage trials of the product under defined storage 
conditions is crucial for determining its shelf life. Factors involved in the evaluation of 
shelf life of meat must consider microbiological safety, spoilage issues and sensory and 
physicochemical parameters (O'Sullivan, 2016). Microbial, physicochemical and sensory 
analysis used to evaluate the shelf life of meat will be discussed in Subsections 1.5.1, 
1.5.2 and 1.5.3, respectively. 
1.5.1 Microbial analysis 
A detailed description of the microbial factors limiting the shelf life of meat was 
given in Subsection 1.3.1. In this subsection, thresholds are proposed for each of these 
factors when evaluating the shelf life of fresh beef. 
Many groups of organisms contain members that potentially contribute to meat 
spoilage under specific conditions, making the microbial ecology of spoiling raw meat 
very complex and the spoilage thus very difficult to prevent (Ercolini et al., 2006). Meat 
spoilage is most frequently caused by the following groups of bacteria 
Pseudomonas spp., Enterobacteriaceae, B. thermosphacta and LAB (Pennacchia et al., 
2011). Under aerobic conditions, a few species of the genus Pseudomonas are 
recognised to dominate the meat system and to actively contribute to spoilage owing 
to their capability for glucose and amino acid degradation, even at refrigeration 
temperatures (Labadie, 1999; Ellis and Goodacre, 2001; Koutsoumanis et al., 2006). It is 
believed that the deterioration process starts when Pseudomonas reach a 
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concentration of 5.0 log10 CFU/cm² (Dias dos Anjos Gonçalves et al., 2017). Brochothrix 
thermosphacta is a microorganism for which meat is considered an ecological niche, 
even though it can also occur in spoiled fish. The capability of B. thermosphacta to grow 
on meat during both aerobiosis and anaerobiosis makes it a significant meat coloniser 
and a critical member of the spoilage-related flora due to off-odour production (Dainty 
and Mackey, 1992; Pin et al., 2002) at 6.0 log10 CFU/cm² (Mills et al., 2014). Many 
members of the Enterobacteriaceae, belonging to the genera Serratia, Enterobacter, 
Pantoea, Proteus and Hafnia, often contribute to meat spoilage (Borch et al., 1996; 
Labadie, 1999; Gram et al., 2002; Jay et al., 2003) at concentrations higher than 
5.0 log10 CFU/cm² (Ercolini et al., 2009). Finally, LAB can play an essential role in the 
spoilage of refrigerated raw meat when they reach a concentration of 6.7 log10 CFU/cm² 
(Picgirard, 2009). 
1.5.2 Physicochemical analysis 
Consumers routinely use product colour and appearance to select or reject 
products, and suppliers of muscle food products must also create and maintain the 
desired colour attributes (AMSA, 2012). One of the most common methods for 
instrumental colour evaluation is the measurement of tristimulus values (CIE L*a*b*15) 
with either a colourimeter or a spectrophotometer (Tapp et al., 2011). The lack of 
standardisation of this method (Brewer et al., 2001) makes the comparison of results 
obtained by different laboratories and instruments demanding.  
Since the colour of muscle foods revolves around Mb redox forms (AMSA, 2012), 
quantifying the redox forms of Mb can give a good indication of meat colour. The 
method of Tang et al. (2004) to quantify Mb redox forms is based on the absorbance 
measurement of an aqueous meat extract at selected wavelengths with a 
spectrophotometer. There are also two reflectance methodologies for quantifying Mb 
redox forms, which have the advantage of being non-destructive and evaluating the 
aspect of the surface of the meat only. One involves using surface reflectance to 
                                                             
15  The CIE L*a*b* colour space allows expressing colour in a three-dimensional space. In the centre of the 
colour space is neutral grey. Along the X axis, a positive a* represents red, and a negative a* represents 
green (scale from +60 for red to −60 for green). Along the Y axis, a positive b* represents yellow, and a 
negative b* represents blue (scale from +60 for yellow to −60 for blue). The third dimension L* is 
represented numerically where 100 is white, and 0 is black. 
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calculate K/S16 ratios at isosbestic wavelengths for each Mb redox form (Francis and 
Clydesdale, 1975). The other method uses selected wavelengths with a correction factor 
(Krzywicki, 1979) to calculate percentages of DMb and MMb, and determines OMb by 
difference from 100%. The value of 40% MMb was reported by Greene et al. (1971) as the 
threshold for consumers to reject meat. 
Lipid oxidation in meat and meat products can lead to quality deterioration 
which has the potential of limiting shelf life from a flavour perspective (O'Sullivan, 
2016). Malondialdehyde (MDA) is a significant carbonyl decomposition product of 
oxidised polyunsaturated lipids (Crawford et al., 1966). The tissue distillation- 
thiobarbituric acid (TBA) assay method of Tarladgis et al. (1960) is regarded as the 
standard method for MDA analysis. More recently, Raharjo et al. (1992) proposed a 
faster method for the determination of MDA replacing the distillation by an acid 
extraction. Both methods are based on the reaction of one molecule of MDA with two 
molecules of TBA to form a pink complex which can be quantified 
spectrophotometrically. Thiobarbituric acid (TBA)-reactive substances have been 
correlated to sensory-determined rancidity. Greene and Cumuze (1982) and Campo et 
al. (2006) stated that the general population of meat consumers would not detect 
oxidation flavours until oxidation products reached levels of at least 2.0 mg/kg tissue. 
This value can be considered as the limiting threshold for acceptability of oxidation in 
beef. 
1.5.3 Sensory analysis 
Sensory evaluation has been used extensively over the past decades to assess 
the acceptability and quality of food products including meat (Torrico et al., 2018). 
Changes in sensory properties during storage will affect the appeal of the product to the 
consumer in the case of colour and repeat purchase in the case of flavour and texture 
(O’Sullivan, 2016). Thus, it is crucial to validate the length of time that a product will 
remain the same acceptable quality level or have no change in desired sensory 
characteristics. 
There are two types of methods that can be employed in the sensory evaluation 
of the shelf life meat: difference testing and descriptive attribute testing. Difference 
testing can be categorised into (1) overall difference tests, to determine whether a 
                                                             
16  Absorption coefficient (K)/scattering coefficient (S). 
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sensory difference is detectable between samples and (2) attribute-specific directional 
difference tests, which ask whether a specified attribute is perceived as different 
between samples. Differently, descriptive analyses are methods in which panellists 
quantify specific sensory attributes (e.g., appearance, flavour, texture, and aftertaste). 
In these cases, the final sensory profile can display quantifiable sensory changes in 
meat over the course of preservation, which is an essential tool in defining sensory shelf 
life changes over time, but does not reflect consumer sentiment or acceptance of the 
product (O’Sullivan, 2016). 




2.1 General objective 
The primary objective of this work was to study how microbial and 
physicochemical factors, namely spoilage bacteria growth and Mb and lipid oxidation, 
determine the long-term preservation of chilled fresh beef at temperatures above the 
freezing point of meat (−2°C) but below 0°C. 
2.2 Specific objectives 
The three principal topics of the present research are presented below with their 
specifics objectives: 
a) Study of the preservation of chilled fresh meat with extremely long shelf life. 
This topic aimed to: 
- evaluate the shelf life of vacuum-packaged fresh beef with extremely long 
shelf life at a subzero temperature (−1°C), and to which extent storage at 
4°C would influence the shelf life; 
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- evaluate the shelf life of these meats during simulated retail display 
under a high-O2 atmosphere; 
- investigate the ecosystems associated with meats with an extremely long 
shelf life; 
- identify and isolate LAB with potential for biopreservation. 
b) Study of the preservation of chilled fresh meat from the Belgian Blue breed. 
This topic aimed to understand the influence of the following factors on the 
shelf life of meat: 
- ageing time – up to 80 days; 
- ageing temperature – −1 and 4°C; 
- ageing technique – carcase ageing and vacuum ageing; 
- animal category – young bull and cull cow; 
- muscle – longissimus thoracis et lumborum and rectus femoris; 
- packaging – vacuum packaging and MAP. 
c) Study the potential of C. maltaromaticum as protective culture for meat. The 
objectives of this topic were to: 
- characterise C. maltaromaticum isolated from meat with extremely long 
shelf life; 
- evaluate in situ the effect of C. maltaromaticum on spoilage bacteria of 
meat; 
- estimate the impact of C. maltaromaticum on the sensory quality of a 
meat product; 
- evaluate in vitro the effect of C. maltaromaticum on pathogen bacteria of 
meat. 




Section II presents the experimental studies of this research, and is divided into 
three chapters. Chapter 3 is dedicated to the preservation of fresh meat with extremely 
long shelf life. Then, the preservation of fresh meat from the Belgian Blue breed will be 
discussed in Chapter 4. Finally, Chapter 5 is about biopreservation in fresh meat. 
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Chapter 3 
Preservation of fresh meat with 
extremely long shelf life 
Over the past decades, Australia, Brazil, Argentina, US and other beef producing 
countries have consolidated an export market for chilled, vacuum-packaged beef 
primals to a large number of countries. For many years, shipping and cold storage at 
−1°C permitted to achieve a shelf life superior to 100 days for chilled fresh beef. In a 
global market, the shelf life of fresh meat can be the decisive factor that determines the 
trade of this commodity. Therefore, long shelf life is of high value. 
The evaluation of the pigment and lipid stability, as well as the investigation of 
the microbial ecology in beef with extremely long shelf life, was the subject of the study 
presented in this chapter and entitled “Oxidative stability and microbial ecology of beef 
with extremely long shelf life”. The manuscript of this study is currently under review by 
Meat Science. 

Redrafted after IMAZAKI P.H., TAMINIAU B., FALL P.A., ELANSARY M., SCIPPO M.-L., 
DAUBE G., CLINQUART A. Oxidative stability and microbial ecology of beef with 
extremely long shelf-life. Meat Science (revised version submitted). 
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Abstract:  This study aimed to evaluate the pigment and lipid stability, and the microbial ecology, 
by classical methods and metagenetics, in beef with an extremely long shelf-life. The 
longissimus thoracis et lumborum from beef of different origins (Australia, Brazil, 
Ireland, United Kingdom) were aged at −1 or −1/+4 °C two-level stepwise scheme 
(simulated sub-zero and conventional storage, respectively) until the end of their shelf-
life. At different times, samples were repackaged under a high-oxygen atmosphere 
(70/30% O2/CO2) and stored at 4 °C for 2 days, then 8 °C for 5 days (simulated retail 
display). Sub-zero ageing had a protective effect against the myoglobin oxidation and also 
the growth of total aerobic mesophilic flora and Enterobacteriaceae. Metmyoglobin 
formation and lactic acid bacteria growth limited the shelf-life of beef during simulated 
retail display. Lactic acid bacteria were underestimated by classical microbiological 
methods. Metagenetics permitted to evidence high proportions of Carnobacterium 
maltaromaticum in Australian beef, which could have contributed to its extremely long 
shelf-life. 
Keywords:  Bioprotection, Carnobacterium maltaromaticum, Metagenetic analyses, Oxidation, Sub-
zero chilling 
Highlights: • Culture-dependent methods underestimate psychrotrophic lactic acid bacteria 
 • Sub-zero chilling ensures the optimal shelf-life of vacuum-packaged beef 
 • Ageing meat for extended periods is not recommended for retail display 
 • Metagenetics is a powerful tool to evaluate the microbial ecosystem of meat 
 • Carnobacterium maltaromaticum is associated with meat with extremely long shelf-life 
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1 Introduction 
The production of living animals is increasingly driven by a shift in diet and food 
consumption patterns towards livestock products (Food and Agricultural Organisation of 
the United Nations [FAO], 2013). Growth in the demand for meat will stem mostly from 
an increase in population, income and urbanisation, especially in regions with large middle 
classes, such as Asia, Latin America and the Middle East (the Organisation for Economic 
Co-operation and Development [OECD], 2016). However, beef production continues to be 
concentrated in a few countries, including Australia, Brazil, China and the United States; in 
2016, Brazil and the European Union led the expansion in world meat exports (OECD, 
2017). One of the critical challenges for today’s meat export industries is to deliver a fresh 
product of superior quality to distant markets (Mills, Donnison, & Brightwell, 2014), 
considering several weeks of chilled transportation must be anticipated to service these 
markets by sea (Bell, Penney, Gilbert, Moorhead, & Scott, 1996). Vacuum packaging 
(Gill, 1996) and storage at sub-zero temperatures (Bell et al., 1996; Jeremiah & Gibson, 
2001; Tewari, Jayas, & Holley, 1999) prevent the growth of oxygen-requiring spoilage 
bacteria and provide oxidative stability and the necessary product-life without recourse to 
freezing. In the past years, the arrival of chilled beef with extremely long shelf-life in the 
European market has triggered intense reactions by the meat sector, who mistakenly 
suspected the use of unauthorised technologies in the European Union to maintain the 
stability of these meats. 
The shelf-life of fresh meat is mainly limited by microbial growth and oxidation 
phenomena. As reviewed by Coombs, Holman, Friend, and Hopkins (2017), an increase in 
the spoilage bacteria population of meat, including lactic acid bacteria (LAB), 
Enterobacteriaceae (EB) and Brochothrix thermosphacta (BT), is associated with the 
development of undesirable flavours, discolouration and possibly reduced product safety. 
Contrariwise, oxidative processes are the primary non-microbiological factor implicated in 
quality deterioration of meat during chilled storage. Lipid oxidation results in the 
formation of several products leading to the development of off-flavours and off-odours 
(Shahidi, 2016). Moreover, the oxidation of myoglobin to metmyoglobin (MMb) induces a 
brown appearance to the meat. Hence, the control of microbial, pigment and lipid stability 
by the meat industry is essential to maintaining the safety and fresh appearance of the 
product. 
Several studies investigated the stability of beef with long shelf-life (Bell et al., 
1996; Jeremiah & Gibson, 2001; Rodas-González et al., 2011) and the microbiota 
associated with these meats, either by classical microbiological methods (Small, Jenson, 
Kiermeier, & Sumner, 2012; Youssef, Gill, Tran, & Yang, 2014) or by 16S rRNA gene 
sequencing from isolated colonies (Youssef, Gill, & Yang, 2014). Also, culture-
independent high-throughput (CIHT) sequencing methods have been used to characterise 
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the microbial populations of several types of meat and meat products (Cauchie et al., 2017; 
Delhalle et al., 2016; Kergourlay, Taminiau, Daube, & Champomier-Vergès, 2015; Korsak 
et al., 2017). Nevertheless, the scientific literature lacks studies combining the assessment 
of the stability and microbial communities by CIHT sequencing methods in beef with 
extended shelf-life. In this context, this study aimed to evaluate the oxidative and microbial 
stability, as well as the microbial diversity by metagenetics, of beef with extended shelf-
life at two ageing temperatures (−1 °C and two-level stepwise −1/+4 °C) and in two kinds 
of packaging (under vacuum and in high-oxygen atmosphere). 
2 Material and methods 
2.1 Samples 
Eighteen vacuum-packaged longissimus thoracis et lumborum (LTL) from four 
different origins (six from Australia, three from Brazil, three from Ireland and six from the 
United Kingdom [UK]) with large differences in shelf-life were supplied by a Belgian food 
wholesaler. Three samples of the same origin were transported to our laboratory each time, 
over a period of one year, as soon as a load with imported meat was delivered to the food 
wholesaler. The shelf-life was labelled 140 days at <2 °C for Australian, 120 days at 0 °C 
for Brazilian, 35 days at 0–3 °C for Irish and 45 days for British meat. There was no 
storage temperature set by the British meat cutting plant. Our Belgian supplier reported 
storage at maximum 0 °C throughout distribution for all different meats. Samples arrived 
at our laboratory at between ⅓ and ⅔ of their shelf-life and were stored at −1 °C until ⅔ of 
their shelf-life (SL⅔) when they were cut into six 2–3 cm-thick steaks. 
Three steaks were used to evaluate meat packaged in vacuum (wholesale market 
simulation), and were handled as follows. One steak was analysed immediately after LTL 
were cut into steaks (SL⅔). Two steaks were vacuum packaged and stored at –1 or 4 °C 
until the end of the shelf-life (SL−1°C and SL−1/+4°C, respectively) to simulate sub-zero (–
1 °C) and conventional storage (4 °C). Vacuum bags (Cryovac) were 60 µm thick, and the 
oxygen permeability was 13 cm³/m² 24 h bar at 23 °C and 0% relative humidity (RH).  
The three remaining steaks from each LTL were used to evaluate meat packaged in 
a modified atmosphere (retail display simulation), and were, as a first step, vacuum 
packaged as described above. Then, at SL⅔, SL−1°C and SL−1/+4°C, they were repackaged in 
PP/EVOH/PP trays (ES-Plastic, dimensions: 187 × 137 × 50 mm, oxygen permeability: 
4 cm³/m² at 24 h bar, 23 °C and 0% RH) containing a modified atmosphere of 70/30% 
O2/CO2 and sealed with a PET/PP film (Wipak, oxygen permeability: 8.4 cm³/m² at 
24 h bar, 23 °C and 0% RH) with a gas headspace-to-meat ratio of approximately 4:1. 
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2.2 pH measurement 
pH was measured using a Knick 765 pH meter equipped with a pH electrode 
(Model 104063123, Ingold), according to the International Organisation for 
Standardisation (ISO) 2917 procedure (ISO, 1999). Measurements were performed in five 
different zones of each sample, and the values were averaged. 
2.3 Colour measurement and MMb% 
Instrumental colour was evaluated at 1.5 h after removal from vacuum-packed bags 
and exposure to atmospheric air (bloom time) at 4 °C, using a Labscan II 
spectrophotometer (HunterLab). Measurement conditions were 25 mm diameter aperture, 
D65 illuminant and 10° observation angle. Values for CIE L*, a* and b* were measured in 
five different zones of each sample and averaged. The colour difference between samples 
before and after MAP display (ΔE) was calculated using the equation 
ඥ(߂ܮ∗)ଶ + (߂ܽ∗)ଶ + (߂ܾ∗)ଶ. Higher ΔE values mean greater total colour changes over 
time. 
The MMb% was determined as described elsewhere (Tang, Faustman, & Hoagland, 
2004), by the spectrophotometric absorbance measurement of an aqueous meat extract at 
503, 525, 557, 565 and 582 nm (Spectronic Genesys 2PC UV-Vis, Thermo Fisher 
Scientific). 
2.4 Lipid oxidation measurement 
To assess lipid oxidation, an aqueous acid extraction method was undertaken before 
spectrophotometric measurement of the thiobarbituric acid-reactive substances (TBARS) at 
530 nm (Raharjo, Sofos, & Schmidt, 1992). Five grams of sample were used for the 
extraction. 1,1,3,3-Tetraethoxypropane was used to prepare the standard curve and 
determine the TBARS recovery. The results were expressed as mg malondialdehyde 
(MDA) equivalents per kg of meat. 
2.5 α-Tocopherol content 
A protocol adapted from Liu, Scheller, and Schaefer (1996) was implemented to 
extract and quantify the α-tocopherol content in meat samples. The method consists of a 
saponification step, followed by a double isooctane extraction of the saponified samples. 
α-Tocopherol in the extracts was separated by normal phase chromatography and 
quantified by fluorescence detection. High-pressure liquid chromatography (HPLC) 
analysis was performed using a Model 600 E solvent delivery system equipped with a 
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Model 717 automatic injector, a Mistral oven, a 2475 fluorescence detector (excitation at 
296 nm wavelength and emission at 325 nm wavelength) and a Resolve spherical silica 
column (3.9 × 150 mm, 5 μm) set at 15 °C (all from Waters). The mobile phase was 
isooctane/tetrahydrofuran (96:4 v/v) at 1.0 mL/min flow rate, and the injection volume was 
30 μL. Quantification was by an external standard method, based on peak area. 
2.6 Microbial counts 
Twenty-five square centimetres (1 cm thick) of meat were transferred to a sterile 
bag with 225 mL sterile peptone water and homogenised for 120 s using a stomacher 
(primary suspension). Serial decimal dilutions were prepared using the same dilutant. Total 
viable count (TVC) and LAB and EB counts were performed using the TEMPO® system 
(bioMérieux) for enumeration in food products. Cards containing the sample and culture 
media were incubated at 22 °C for 48 h for TVC and LAB, and at 30 °C for 24 h for EB. 
Brochothrix thermosphacta (BT) was enumerated by plating on streptomycin–sulphate, 
thallous–acetate and actidione (STAA) agar with STAA-selective supplement and 
incubating at 22 °C for 48 h, as per ISO 13722 (ISO, 1996). Colonies were confirmed by 
oxidase tests. The acceptability thresholds were set at LAB = 6.7 log10 CFU/cm2 
(Picgirard, 2009), EB = 5.0 log10 CFU/cm2 (Féderation du Commerce et de la Distribution 
[FCD], 2016) and BT = 6.0 log10 CFU/cm2 (Mills et al., 2014). Furthermore, the primary 
suspensions prepared in this step were inoculated on plate count agar, and the obtained 
colonies were stored for DNA extraction and 16S rRNA genes sequencing (section 2.8). 
2.7 Metagenetics 
Total DNA was directly extracted from each primary suspension obtained in 
section 2.6, using a DNeasy Blood and Tissue kit for DNA extraction (Qiagen) by 
following the manufacturer’s recommendations. Equal amounts of the extracted DNA were 
mixed into pools containing the DNA of three samples of each origin (Australia, Brazil, 
Ireland, UK) within the same treatment (SL⅔, SL−1/+4°C). Thus, 12 pools were obtained: 
termed AU1⅔, AU1−1/+4°C, AU2⅔ and AU2−1/+4°C, (Australian); BR⅔ and BR−1/+4°C 
(Brazilian); IE⅔ and IE−1/+4°C (Irish), and GB1⅔, GB1−1/+4°C, GB2⅔ and GB2−1/+4°C (British). 
16S rRNA PCR libraries targeting the V5–V6 hypervariable region were generated. 
Primers E783–797 and E1063–1081 (Brosius, Dull, Sleeter, & Noller, 1981), specific for 
bacteria, were selected for their ability to generate the lowest amplification bias among the 
various bacterial phyla. The oligonucleotide design included titanium A or B adapters (454 
Life Sciences) and multiplex identifiers fused to the 5′ end of each primer. The 
amplification mix contained 5 U of FastStart high fidelity polymerase, 1 × enzyme reaction 
buffer (Eurogentec), 200 μM deoxynucleotide triphosphates (dNTPs; Eurogentec), 0.2 μM 
of each primer and 100 ng of genomic DNA, in a final volume of 100 μL. Thermocycling 
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conditions consisted of a denaturation step at 94 °C for 15 min, followed by 30 cycles of 
40 s at 94 °C, 40 s at 56 °C, and 1 min at 72 °C, with a final elongation step at 72 °C for 
7 min. These amplifications were performed on an EP Mastercycler Gradient System 
(Eppendorf). DNA fragments were purified using an SV PCR purification kit (Wizard). 
Pyrosequencing was performed by Quality Partner (Herstal, Belgium) with a FLX Genome 
Sequencer (Roche). The 16S rDNA sequence reads were filtered as described by Huse, 
Huber, Morrison, Sogin, and Welch (2007), processed using the Mothur program (Schloss 
et al., 2009) and compared to a reference dataset of aligned sequences of the corresponding 
region derived from the Silva database of full-length rDNA sequences (Pruesse et al., 
2007). The final reads were clustered into operational taxonomic units (OTU) using the 
nearest neighbour algorithm and a Mothur with a 0.01 distance-unit cut-off. A taxonomic 
identity was attributed to each OTU by comparison to the Silva database using a 60% 
homogeneity cut-off. 
2.8 16S rRNA genes sequencing 
The genomic DNA of colonies obtained in section 2.6 was extracted, as described 
in section 2.7 and was used to amplify the entire 16S rRNA genes with the universal 
primers 16S1500F (5′-GAGTTTGATCMTGGCTCAG-3′) and 16S1500R 
(5′-TACGGTTACCTTGATTACGAC-3′) under the following conditions: initial 
denaturation at 94 °C for 5 min, followed by 35 cycles of 30 s at 94 °C, 30 s at 56 °C, 
1 min at 72 °C and a final extension step at 72 °C for 5 min. All PCR reactions contained 
1 U Diamond Taq polymerase buffer (Eurogentec), 1 U Diamond Taq polymerase 
(Eurogentec), 2 mM MgCl2, 0.2 mM dNTPs (Eurogentec), 0.4 µM of each primer and 10–
100 ng DNA, for a total volume of 20 µL. PCR products were purified with a Wizard SV 
PCR purification kit (Promega). The sequencing of the 16S fragments was performed by 
GIGA (Liège, Belgium), using an ABI3730 sequencing machine (Applied Biosystem). The 
resulting sequences were assembled and the identification made by BLAST comparison 
(Altschul, Gish, Miller, Myers, & Lipman, 1990). 
2.9 Statistical analysis 
Results for physicochemical parameters (pH, ΔE, MMb%, TBARS) and microbial 
counts (TVC, LAB, EB, BT) measured at ⅔ of the shelf-life (SL⅔ and SL⅔/MAP) are 
presented as mean ± standard deviation. One-way analysis of variance (ANOVA) was used 
to calculate the effect of origin (Australia, Brazil, Ireland, UK) within each display time (0 
and 7 days) and the effect of display time within each origin. When necessary, Tukey’s test 
was used to assess differences between test groups. 
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Data relating to physicochemical parameters (pH, ΔE, MMb%, TBARS) and 
microbial counts (TVC, LAB, EB, BT) measured at the end of the shelf-life (SL−1°C, 
SL−1°C/MAP, SL−1/+4°C, SL−1/+4°C/MAP) was arranged in a split-plot design in which origin 
(Australia, Brazil, Ireland, UK) was allocated in the whole plot, while the sub-plots were 
ageing temperature (−1 and stepwise −1/+4 °C) and display time (0 and 7 days). 
Considering ΔE combines L*, a* and b* values before and after MAP display, display time 
was not included in the model for ΔE. When a post hoc test was suitable, Tukey’s test was 
performed. All statistical analysis was performed using the R computing environment (R 
Core Team, 2016). 
A summary of the tested effects for each group of treatments is shown in Table 2. 
3 Results and discussion 
3.1 Physicochemical parameters and oxidative stability 
The pH of samples varied between 5.50 and 5.55 at SL⅔ and between 5.45 and 5.50 at 
SL⅔/MAP, respectively. No effect of origin or display time was observed at ⅔ of the shelf-
life (Table 3). At the end of the shelf-life (SL−1°C, SL−1°C/MAP, SL−1/+4°C, SL−1/+4°C/MAP), the 
effect of origin (Australia, Brazil, Ireland, UK), ageing temperature (−1 and stepwise 
−1/+4 °C), display time (0 and 7 days) and all their interactions was evaluated for pH 
(Table 4). At this stage, pH decreased during the display time (P<0.05). However, the 
difference in pH between samples before and after MAP display was inferior to 0.05 (data 
not shown in graphical form). These minimal pH variations observed may not have 
influenced the other physicochemical and microbial parameters in our experiment. 
Initial colour attributes (CIE L*a*b*) of beef from different origins at SL⅔ and 
SL⅔/MAP are shown in Table 3. Irish meat presented the lowest a* at SL⅔, while Brazilian 
 
Table 2 Summary of the tested effects for each group of treatments. 
Treatment Effect   
 Origin* Ageing temperature** Display time*** 




X X X 
* Australia, Brazil, Ireland and the United Kingdom 
** −1 °C and stepwise −1/+4 °C 
*** 0 and 7 days 
**** Except for α-tocopherol content 
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Table 3 Physicochemical parameters and microbial counts (mean ± standard deviation) in the 
longissimus thoracis et lumborum from different origins at ⅔ of the shelf-life, before and after a 7-day 
modified atmosphere packaging display. MMb% = metmyoglobin%, TBARS = thiobarbituric acid-
reactive substances, TVC = total viable count, LAB = lactic acid bacteria, EB = Enterobacteriaceae, 
BT = Brochothrix thermosphacta. 
Parameter Display time (days) Origin    
  Australia Brazil Ireland United Kingdom 
pH 0 5.50  0.08 5.50  0.02 5.55  0.08 5.50  0.03 
 7 5.50  0.07 5.45  0.02 5.50  0.02 5.50  0.04 
L* 0 38.2    1.7 41.6    0.8 38.2    5.2 36.7    2.6 
 7 39.0    2.8AB 41.7    0.9B 36.4    0.5A 37.4    1.9A 
a* 0 24.2    1.6A 24.3    1.4aA 19.6    3.1B 24.8    0.7A 
 7 22.2    2.2 21.3    0.6b 20.2    2.1 22.9    2.3 
b* 0 18.9    2.1 19.6    0.6a 15.8    2.5 18.1    0.7 
 7 17.5    1.6 17.7    0.5b 15.8    1.3 17.1    1.2 
E n/a   3.7    1.0   4.0    1.9   5.9    2.3   3.0    2.1 
MMb % 0 11.3    9.5a   2.9    1.1a   5.1    5.3   5.0    3.8a 
 7 37.0  10.7b 21.5  11.0b 16.5  12.4 34.8  12.5b 
TBARS* 0   0.3    0.2a < LOQ** < LOQ**   0.3    0.2a 
 7   1.5    0.4b < LOQ**   1.1    0.9   1.1    0.7b 
TVC*** 0   5.3    0.9aB   5.8    0.6aB   3.1    0.5aA   5.1    0.5aB 
 7   6.0    1.1bA   8.3    0.5bB   7.4    0.4bAB   7.2    0.4bAB 
LAB*** 0 < 2.0 < 2.0 < 2.0   4.0    1.7 
 7 < 2.0   5.4    0.3   6.4    0.1   5.8    0.8 
EB*** 0 < 1.0 < 1.0 < 1.0   2.6    1.5 
 7 < 1.0 < 1.0   2.5    1.4   2.5    1.4 
BT*** 0 < 2.0 < 2.0 < 2.0   3.2    1.2a 
 7 < 2.0 < 2.0   6.5    0.2   5.2    1.1b 
* Expressed as mg malondialdehyde equivalents/kg 
** Limit of quantification (LOQ) = 0.2 mg malondialdehyde equivalent/kg 
*** Expressed as log10 CFU/cm2 abDifferent lowercase letters in a column (display time effect) within each variable indicate statistical 
difference (P<0.05). No lowercase letter indicate no statistical difference. 
ABDifferent uppercase letters in a row (origin effect) indicate statistical difference (P<0.05). No lowercase 
letter indicate no statistical difference. 
presented the highest L* at SL⅔/MAP (P<0.05). A decrease of a* and b* was observed for 
Brazilian meat during simulated MAP display (P<0.05). No effect of origin was observed 
for ΔE at ⅔ of the shelf-life (Table 3). At the end of the shelf-life, the effect of origin 
(Australia, Brazil, Ireland, UK), ageing temperature (−1 and stepwise −1/+4 °C) and all 
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Table 4 Analysis of variance (F-values) on the effect of origin (Australia, Brazil, Ireland and the 
United Kingdom), ageing temperature (−1 and stepwise −1/+4 °C) and display time (0 and 7 days) on 
the pH, discoloration during modified atmosphere packaging display (ΔE), metmyoglobin% 
(MMb%), lipid oxidation (thiobarbituric acid-reactive substances [TBARS]), total viable count 
(TVC), lactic acid bacteria (LAB), Enterobacteriaceae (EB) and Brochothrix thermosphacta (BT) in 
beef at the end of the shelf-life. 
Effects pH ΔE MMb% TBARS TVC LAB EB BT 
Origin (O)   0.68   0.09 16.01***   7.07*** 13.02***   5.91**   6.72**   0.98 
Ageing 
temperature (T)   0.32   0.02   8.94
**   1.74 18.86***   3.16 16.60***   0.75 
Display time (D)   4.26*   n/a 98.27*** 28.41*** 13.28*** 20.66***   3.40   0.38 
OT   1.76   1.22   3.55*   0.79   0.93   0.31   2.41   0.86 
OD   1.38   n/a   1.19   3.09*   0.14   0.12   1.02   0.04 
TD   1.50   n/a   0.16   0.22   7.19**   0.25   2.44   0.19 
OTD   0.77   n/a   1.64   0.07   0.77   4.04*   1.34   0.55 
Significant probabilities (P<0.05) are in bold.  
*Significant at P<0.05.  
**Significant at P<0.01.  
***Significant at P<0.001. 
n/a = not applicable. 
their interactions was evaluated for ΔE (Table 4). ΔE values varied from 2.0 to 7.1 and 
from 2.0 to 10.7 between origins for the ageing temperatures of −1 and stepwise −1/+4 °C, 
respectively. Numerically, British meat presented the lowest and Brazilian meat the highest 
ΔE (data not shown in graphical form). Nevertheless, no statistically significant difference 
was observed between samples. 
At ⅔ of the shelf-life (SL⅔ and SL⅔/MAP), an effect of display time (0 and 7 days) 
was observed for MMb% in Australian, Brazilian and British samples (P<0.05) (Table 3), 
whereas, at the end of the shelf-life (SL−1°C, SL−1°C/MAP, SL−1/+4°C, SL−1/+4°C/MAP), the effects 
of display time and the interaction origin (Australia, Brazil, Ireland, UK)  ageing 
temperature (−1 and stepwise −1/+4 °C) were significant for MMb% (P<0.05) (Table 4). 
In the present study, a 7-day simulated MAP display favoured pigment oxidation (P<0.05) 
(Table 3 and Figure 2.a). Previous authors have also reported that pigment oxidation 
increases as display time increases (Mancini & Ramanathan, 2014; McKenna et al., 2005). 
According to Garner, Unruh, Hunt, Boyle, and Houser (2014), the metmyoglobin reducing 
activity (MRA), which represents properties that help minimise MMb, decreases over 
display time, contributing to an increase in MMb%. In regards to the interaction 
origin  display temperature, an ageing temperature of 4 °C during the last ⅓ of the shelf-
life did not have an effect on Australian, Brazilian and Irish samples; however, pigment 
oxidation was higher at −1 than at 4 °C in British samples (Figure 2.b). As reviewed by 
Bekhit and Faustman (2005), MMb reduction by the MRA may be accelerated with 
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Table 5 α-Tocopherol content 
(mean ± standard deviation) in the 
longissimus thoracis et lumborum from 
different origins at ⅔ of the shelf-life. 
Origin α-Tocopherol (µg/g meat) 
Australia 6.1  0.7b 
Brazil 3.2  0.3a 
Ireland 5.1  0.3b 
United Kingdom 5.0  1.0b 
abDifferent lowercase letters in a column (origin 
effect) indicate statistical difference (P<0.05). 
to beef cattle increases the concentration of -tocopherol in skeletal muscle. The increased 
-tocopherol concentration allows this antioxidant to protect membranal lipids and MMb 
formation (Arnold, Arp, Scheller, Williams, & Schaefer, 1993; Liu, Lanari, & Schaefer, 
1995; Lynch, Kerry, Buckley, Faustman, & Morrissey, 1999). However, meat with high 
content of polyunsaturated fatty acids may have an increased requirement for endogenous 
anti-oxidants to maintain colour and lipid stability (Yang, Lanari, Brewster, & Tume, 
2002). Brazilian cattle production is primarily based on Bos indicus breeds and their 
crosses (FAO, 2007), whereas Bos taurus is the dominant species in Europe and Australia 
(O'Neill, Swain, & Kadarmideen, 2010). Recent studies highlighted that there are small 
differences in fat content and fatty acid composition of beef from B. indicus and B. taurus 
cattle, but diet and time of feed are much more important determinants of these parameters 
(Bressan et al., 2011; Bressan, Rodrigues, Rossato, Ramos, & da Gama, 2011; Smith, Gill, 
Lunt, & Brooks, 2009). As the proportion of peroxidisable lipids does not seem to be 
linked to the subspecies of cattle, the evaluation of other mechanisms involved in pigment 
and lipid oxidation, including antioxidant (Imazaki, Douny, Elansary, Scippo, & Clinquart, 
2018; Pastsart, De Boever, Claeys, & De Smet, 2013) and glycolytic (Canto et al., 2015) 
enzymes could have provided additional clues to better understand the differences in 
oxidation profiles observed. 
3.2 Microbial stability and microbial profile 
At ⅔ of the shelf-life (SL⅔ and SL⅔/MAP), the effect of origin (Australia, Brazil, 
Ireland, UK) was significant for TVC, and the effect of display time (0 and 7 days) was 
observed for TVC and BT in British meat (P<0.05) (Table 3). At the end of the shelf-life 
(SL−1°C, SL−1°C/MAP, SL−1/+4°C, SL−1/+4°C/MAP), the effect of origin was significant for TVC, 
LAB and EB (P<0.05); the effect of ageing temperature (−1 and stepwise −1/+4 °C) was 
significant for EB (P<0.05); the effect of display time was significant for LAB (P<0.05); 
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by any sample (Table 3). At the end of the shelf-life (SL−1°C, SL−1°C/MAP, SL−1/+4°C, 
SL−1/+4°C/MAP), the acceptability threshold for LAB was exceeded in Brazilian and Irish 
samples at SL–1°C/MAP and in all samples at SL–1/4°C/MAP, except for Australians. 
Surprisingly, LAB counts in Australian meat remained below 2.0 log10 CFU/cm² for 
treatments SL−1°C, SL−1/+4°C and SL−1/+4°C/MAP (Figure 4). This result was unexpected at 
SL−1°C and SL−1/+4°C, as when the growth of aerobic spoilage bacteria is inhibited by 
vacuum packaging, LAB become the dominant species of the microbial flora of chilled 
meats, and their presence usually ensures that shelf-life is maximal (Egan, 1983). Small et 
al. (2012) have previously reported unusual microbial counts in beef primals with 
extremely long shelf-life. According to Pothakos, Samapundo, and Devlieghere (2012), the 
current microbiological techniques, based on incubation at 30 °C, lack the discriminatory 
capacity to detect psychrotrophic LAB, whose growth was probably favoured by sub-zero 
ageing under vacuum for extended periods. Even if an incubation temperature of 22 °C 
was used, the psychrotrophic LAB might have been underestimated by the enumeration 
technique used in the present study. 
Low levels of EB were found in samples at ⅔ of the shelf-life (SL⅔ and SL⅔/MAP) 
(Table 3). At the end of the shelf-life (SL−1°C, SL−1°C/MAP, SL−1/+4°C, SL−1/+4°C/MAP), Irish 
and British meats presented the highest EB counts, and a stepwise −1/+4 °C ageing 
promoted EB growth (P<0.05) (Figure 4). This result confirms the advantage of 
combining sub-zero ageing and strict temperature control with subsequent display in an 
atmosphere containing CO2, which has an antimicrobial potential against EB (Milijasevic, 
Babic, & Veskovic-Moracanin, 2015). In all cases, the acceptability threshold for EB was 
not exceeded by any sample for any treatment. 
All samples presented BT counts below the threshold of acceptability at ⅔ of the 
shelf-life (SL⅔ and SL⅔/MAP), except for British and Irish (only at SL⅔/MAP for Irish) 
(Table 3). Moreover, in Irish meat, BT counts at SL−1°C/MAP (6.1 log10 CFU/cm²) and 
SL−1°C/4/MAP (<2.0 log10 CFU/cm²) were lower than at SL⅔/MAP (6.5 log10 CFU/cm²) 
(P<0.05). Vacuum packaging limits the growth of BT in meat (Pennacchia, Ercolini, & 
Villani, 2011). The fact that British meat presented higher BT count at SL⅔ than the other 
samples leads to the hypothesis of a delayed packaging or presence of residual oxygen in 
vacuum bags. However, since the initial handling conditions of samples are unknown, this 
hypothesis could not be verified. Russo, Ercolini, Mauriello, & Villani (2006) evidenced a 
decrease in the in vivo growth of BT in the presence of LAB, which could explain the 
reduction of BT in Irish samples over time. Furthermore, BT is psychrotolerant (Leroi, 
Fall, Pilet, Chevalier, & Baron, 2012) and may have been selected during ageing at −1 °C, 
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used in the TEMPO® system for automated enumeration is not available. Therefore, it was 
not possible to verify if the formulation of TEMPO® LAB test kits could explain the 
extremely low results obtained for LAB counts in Australian meat. 
Sequencing the 16S rRNA genes of 11 isolates from different Australian meat 
samples revealed that all the 11 isolates belonged to the species Carnobacterium 
maltaromaticum. These LAB have been extensively studied as protective cultures in fish 
and meat products, and some strains can inhibit the growth of pathogenic bacteria, 
including Listeria monocytogenes (Leisner, Laursen, Prévost, Drider, & Dalgaard, 2007). 
In this manner, the presence of high proportions of C. maltaromaticum in Australian 
samples may have contributed positively to the extremely long shelf-life of these meats. 
4 Conclusions 
The use of sub-zero temperatures during vacuum storage is useful in meat shelf-life 
extension because it prevents myoglobin oxidation and TVC and EB growth. However, 
ageing at −1 °C did not prevent MMb formation and bacterial growth in meat, once it was 
repacked in a high-oxygen atmosphere (70/30% O2/CO2) at the end of the shelf-life, 
suggesting that extended beef ageing is more suitable for hotel/restaurant/catering 
(HORECA) operators, for whom high-oxygen MAP is not used. Differences in 
physicochemical and microbial parameters highlighted between origins should be 
considered carefully due to the low number of samples used in this research. Moreover, the 
lack of information related to the background of the samples hinders further evaluation of 
the possible effect of production conditions (e.g., finishing system, fat score and carcase 
handling) on the quality of meat. 
Metagenetics proved to be a powerful and revolutionary tool for the evaluation of 
the bacterial diversity of fresh meat, as it could detect the presence of bacteria, notably 
psychrotrophic LAB, which are usually missed or underestimated by culture-dependent 
method assays. 
Carnobacterium maltaromaticum was the dominant bacteria in Australian meat 
with 140 days of shelf-life. This species has been used for bioprotection and may have 
played an essential role in the extremely long shelf-life of these samples. The next step of 
this study will be characterising the obtained C. maltaromaticum isolates to better 
understand their role in food preservation. 
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Chapter 4 
Preservation of fresh meat from 
the Belgian Blue breed 
As discussed in Chapter 3, long shelf life is of high value in meat trading. 
Vacuum-packaged primals produced in Belgium, mainly from the Belgian Blue breed, 
have a maximum shelf life of 30 days, which is extremely short if there would be any 
interest to reach distant markets. However, the arrival of imported meat with a shelf life 
superior to three months in the Belgian market gave rise to extreme reactions from the 
meat sector. Some even suspected the use of illegal treatments in the EU. Furthermore, 
the Belgian meat industry regularly complains about the abnormally rapid 
discolouration of certain meats packaged under high O2 atmosphere and believes in a 
particular sensitivity of Belgian Blue meat to oxidation. 
This chapter is entirely dedicated to the preservation of fresh meat from the 
Belgian Blue breed and presents two studies on this subject. 
The first study entitled “Effect of sex and sub-zero storage temperature on the 
microbial and oxidative stability of beef repackaged in high-oxygen atmosphere after 
different vacuum ageing times” investigated the effect of the category (young bull and 
cull cow) and sub-zero storage temperature on the microbial and oxidative stability of 
Belgian Blue beef repackaged in a high-O2 atmosphere after different ageing times. The 
manuscript of this study has been accepted for publication in Meat Science and the 
copy-editing and production are in progress. 
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In the second study, entitled “Effect of muscle type, aging technique, and aging 
time on oxidative stability and antioxidant capacity of beef repackaged in high-oxygen 
atmosphere”, a comparison between two muscles muscle types (longissimus thoracis et 
lumborum and rectus femoris), two ageing techniques (carcase and vacuum ageing) and 
different ageing times (7, 21 and 35 days) on the oxidative stability of beef repackaged 
in a high-O2 atmosphere was made. This study was published in the Journal of Food 
Processing and Preservation (Imazaki et al., 2018). 
Redrafted after IMAZAKI P.H., ELANSARY M., SCIPPO M.-L., DAUBE G., CLINQUART A. 
Effect of sex and sub-zero storage temperature on the microbial and oxidative stability 
of beef packaged in high-oxygen atmosphere after different vacuum ageing times. Meat 
Science (accepted). 
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Abstract:  This study aimed to evaluate the effect of sex and sub-zero storage temperature on the 
microbial and oxidative stability of Belgian Blue beef repackaged in a high-oxygen 
atmosphere after different ageing times. Longissimus thoracis et lumborum from Belgian 
Blue young bulls and cull cows were aged at −1 or 4 °C for 80 days in vacuum. Every 
20 days, samples were repackaged in a high-oxygen atmosphere (70/30% O2/CO2), and 
stored for 7 days (2 days at 4 °C + 5 days at 8 °C). Ageing at −1 °C had a protective effect 
against the growth of lactic acid bacteria and Enterobacteriaceae and myoglobin 
oxidation. Brochothrix thermosphacta was the limiting parameter for ageing longer than 
20 days at −1 °C, permitting a subsequent 7-day shelf-life in a high-oxygen atmosphere. 
Meat from young bulls was more sensitive to oxidation than meat from cull cows. 
Extending Belgian Blue meat ageing for more than 20 days had a negative impact on 
retail shelf-life. 
Keywords: Belgian Blue, microbiological quality, spoilage bacteria, oxidation, color, lipid. 
Highlights: • Microbial and oxidative stability during display decreases as ageing time increases. 
 • Ageing at −1 °C can improve microbial and colour stability of meat. 
 • Meat from young bulls is more sensitive to oxidation than meat from cull cows. 
 • Brochothrix thermosphacta growth limits the length of beef ageing at −1 °C. 
 • Ageing Belgian Blue meat for more than 20 days is not recommended for retail display. 
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1 Introduction 
Modes of processing, distribution and consumption of fresh meat have dramatically 
changed over the past decades, resulting in reorganisation of the meat industry. Chilling at 
sub-zero temperatures, above the freezing point of beef, associated with vacuum packaging 
(VP) has permitted the shelf-life of fresh meat to be extended to several weeks (Jeremiah 
& Gibson, 2001) without resorting to freezing, making it possible to centralise slaughtering 
and to trade this product worldwide. In some EU countries, VP is almost exclusively 
reserved for intermediate levels of the beef chain, while modified atmosphere packaging 
(MAP) is more common in the retail marketplace to give meat its bright red appealing 
colour. 
The end of the shelf-life of food is considered to be the point beyond which it is no 
longer acceptable to the consumer, or it could be when a food safety issue emerges. In the 
case of fresh meat, the shelf-life is mainly limited by microbial growth and alteration 
phenomena. As reviewed by Coombs, Holman, Friend and Hopkins (2017), an increase in 
the spoilage bacteria population in meat, including lactic acid bacteria (LAB), 
Enterobacteriaceae and Brochothrix thermosphacta, is associated with the development of 
undesirable flavours, discolouration and reduced product safety. Contrariwise, oxidative 
processes are the primary non-microbiological factors implicated in quality deterioration of 
meat during chilled storage. Lipid oxidation results in the formation of several products, 
some of them being often associated with the development of off-flavours (Smith, Morgan, 
Sofos, & Tatum, 1996) even at low concentrations (Stetzer, Cadwallader, Singh, McKeith, 
& Brewer, 2008). Moreover, the oxidation of myoglobin turns this pigment to 
metmyoglobin (MMb), which gives a brown colour to the meat. An essential challenge for 
the meat industry is to maintain the fresh appearance of the product, which might be based 
on the assessment of microbial, pigment and lipid stability. 
In Belgium, meat from bulls accounts for about 55% of the total volume of bovines 
slaughtered, and beef from young bulls represents the most significant part of the bovine 
meat market for supermarkets. However, an increase in the consumption of meat from cull 
cows was observed in the past decades (SOGEPA, 2016). In fact, Belgian Blue cull cows 
are often slaughtered at a relatively young age, which implies that their carcase and meat 
are still of excellent quality (Fiems, De Campeneere, Van Caelenbergh, & Boucqué, 2001). 
Limited literature is available looking at the differences between meat from male and 
female Belgian Blue animals, and the impact of extended vacuum ageing on beef quality 
during MAP display. In this context, the objective of this experiment was to study the 
effect of category (young bulls and cull cows) and sub-zero storage temperature (−1 °C 
and 4 °C) on the microbiological and oxidative stability of Belgian Blue beef repackaged 
in a high-oxygen atmosphere after different ageing times. 
 CHAPTER 4 Preservation of fresh meat from the Belgian Blue breed 
P. H. IMAZAKI 69 
2 Material and methods 
2.1 Samples 
Twelve VP longissimus thoracis et lumborum muscles from four young bulls 
(1.8  0.1 years, two of conformation class S and two of conformation class E, and all of 
fat-cover class 2 in the EUROP grid) and eight cull cows (6.0  1.7 years, four of 
conformation class S and fat-cover class 3, and four of conformation class E and fat-cover 
class 2 in the EUROP grid) from the Belgian Blue breed were supplied 2 days after 
slaughter by two slaughterhouses located in the Walloon Region of Belgium. The samples 
from young bulls will be referred to as YB, and those from cull cows will be referred to as 
CC. In the laboratory, 20 steaks (2~3 cm thick) per muscle were cut, totalling 240 steaks. 
Each of the 20 steaks from each animal was randomly assigned to one of the 20 treatments 
(2 ageing temperatures  5 ageing times  2 display times) described below. 
Samples at display time 0 (D0) were prepared as follows. Ten steaks from each 
animal were put in vacuum bags, sealed and aged at −1 (5 steaks/animal) or 4 °C 
(5 steaks/animal) for up to 80 days. Vacuum bags (Cryovac) were 60 µm thick, and oxygen 
permeability was 13 cm3/m2  24 h  bar at 23 °C and 0% relative humidity (RH). One VP 
steak from each animal and each ageing temperature (−1 and 4 °C) was analysed after 0, 
20, 40, 60 and 80 days of ageing (A0D0, A20D0, A40D0, A60D0 and A80D0). 
Samples at display time 7 (D7) were prepared as described hereafter. The ten 
remaining steaks from each animal were VP and aged similarly to the samples at D0. 
Every 20 days, one VP steak from each animal and each ageing temperature was 
repackaged in PP/EVOH/PP trays containing a modified atmosphere of 70/30% O2/CO2, 
and sealed with a PET/PP film. Trays (ES-Plastic) were 187 × 137 × 50 mm, and the 
oxygen permeability was 4 cm3/m2  24 h  bar at 23 °C and 0% RH. The oxygen 
permeability of the sealing film (Wipak) was 8.4 cm3/m2  24 h  bar at 23 °C and 0% RH. 
MAP samples were then stored for 7 days. A temperature of 4 °C was used during the first 
two days and 8 °C was applied during the five last days of storage. The latter temperature 
was chosen to simulate a break in the cold chain during distribution. One VP steak from 
each animal and each ageing temperature (−1 and 4 °C) was analysed after 0, 20, 40, 60 
and 80 days of ageing and 7 days of MAP storage (A0D7, A20D7, A40D7, A60D7 and 
A80D7). The experimental scheme and the different treatments are represented in 
Figure 1. 
Microbiological analysis and evaluation of colour (CIE L*a*b*), percentage 
metmyoglobin (MMb%) and thiobarbituric acid reactive substances (TBARS), as an 
indicator of lipid oxidation, were performed every 20 days, before and after MAP display. 
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2.4 Free fat content and lipid oxidation measurement 
The free fat content was determined on the dried residue (103 °C) of 5 g of sample 
(ISO, 1997) by the Soxhlet method (ISO, 1996b). Briefly, the fat was extracted from 
samples with petroleum ether for 6 h and weighed following the removal of the solvent by 
evaporation at 103 °C. 
To assess lipid oxidation, an aqueous acid extraction method was used to measure 
the amount of TBARS by spectrophotometry at 530 nm (Raharjo, Sofos, & Schmidt, 
1992). 1,1,3,3-Tetraethoxypropane was used to prepare the standard curve and determine 
TBARS recovery. The results are expressed as the malondialdehyde (MDA) equivalent 
content in milligram per kilogram of meat. 
2.5 α-Tocopherol content 
A protocol adapted from Liu, Scheller and Schaefer (1996) was used to extract and 
quantify the α-tocopherol content in meat samples. HPLC analysis was carried out using a 
Model 600 E solvent delivery system, equipped with a Model 717 automatic injector, a 
MistralTM oven and both 996 PDA and 2475 fluorescence detectors (all from Waters). 
HPLC conditions were: stationary phase – Waters Resolve 5 μm spherical silica column 
(3.9 × 150 mm), column temperature – 15 °C, mobile phase – 96/4% 
isooctane/tetrahydrofuran (v/v), flow rate – 1.0 mL/min, injection volume – 30 μL, 
detection – fluorescence (excitation wavelength 296 nm and emission wavelength 325 nm), 
calculation – external standard method based on the peak area. 
2.6 Statistical analysis 
Treatments were arranged in a split-plot design, with 12 replicates (each animal 
was used as replicate), with category (YB and CC) as the whole plot, and ageing 
temperature (−1 and 4 °C), ageing time (A0, A20, A40, A60 and A80) and display time 
(D0 and D7) as split plots. Longissimus thoracis et lumborum muscles were the whole plot 
while the obtained steaks were the split-plot experimental units. The model statement 
included the measured trait and all possible interactions (combined effects of factors on the 
dependent measure) among category, ageing temperature and ageing time as well as 
display time when applicable. This model was used to analyse TVC, LAB, 
Enterobacteriaceae, B. thermosphacta, E, MMb% and TBARS. 
Student t-test was performed to evaluate the effect of the category on the initial 
values of L*, a*, b* and free fat and α-tocopherol content at d0. Tests were conducted at a 
significance level of P < 0.05. 
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Pearson correlation coefficients were calculated between MMb% and TBARS. 
All statistical analysis was performed using the computing environment R (R Core 
Team, 2016). 
3 Results and discussion 
3.1 Microbial profile 
The effect of category (YB and CC), ageing temperature (−1 and 4 °C), ageing time 
(A0, A20, A40, A60 and A80) and display time (D0 and D7) and all their various 
combinations was evaluated for TVC, LAB, Enterobacteriaceae and B. thermosphacta. 
Ageing temperature  ageing time had an impact on Enterobacteriaceae, while an effect 
was noticed for ageing temperature  display time and ageing time  display time on TVC, 
Enterobacteriaceae and B. thermosphacta. Finally, an effect of temperature  ageing 
time  display time was observed for LAB (P < 0.05) (Table 1). For practical purposes, 
the microbiological results will be presented as temperature  ageing time  display time 
means (Figure 2). Table 2 shows the maximum Belgian Blue beef vacuum ageing period 
permitting subsequent 7-day modified atmosphere storage for the different microbiological 
parameters taking into account the thresholds indicated in subsection 2.2. 
The initial (A0D0) TVC was 3.2 log10 CFU/g, and it increased (P < 0.05) to 
6.6 log10 CFU/g after a 7-day MAP display (A0D7). During vacuum ageing, TVC growth 
was slower at −1 °C. At 4 °C, there was a considerable increase (P < 0.05) in this 
parameter during the first 20 days of ageing, and, after the 40th day of ageing (A40D0), it 
remained stable (Figure 2). However, the temperature of the previous ageing did not have 
an impact on TVC during display. As explained before, in several EU countries, wholesale 
cuts are usually vacuum-packaged and sent to retailers where the meat is cut into portion 
sizes, and placed onto trays and then overwrapped with an air-permeable film, or onto trays 
that are filled with a modified atmosphere usually containing 70–80% O2 and 20–30% 
CO2. The greatest advantage of MAP at the retail market is the retardation of the growth of 
spoilage bacteria and hence an extended shelf-life when compared to meat exposed to air 
(Xiong, 2017). Nevertheless, when compared to vacuum storage, high-oxygen modified 
atmospheres tend to promote the growth of aerobic bacteria, reducing the shelf-life (Lund, 
Lametsch, Hviid, Jensen, & Skibsted, 2007; McMillin, Huang, Ho, & Smith, 1999).  
At A0D0, the concentration of LAB was < 2.0 log10 CFU/g, and the threshold of 
6.7 log10 CFU/g was not exceeded during 80 days of vacuum ageing at −1 °C. Conversely, 
at 4 °C, the threshold for LAB was exceeded between 20 and 40 days of ageing (Figure 2). 
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Table 1 Analysis of variance (F-values) on the effect of category (young bull and cull cow), ageing 
temperature (−1 and 4 °C), ageing time (0, 20, 40, 60 and 80 days), display time (0 and 7 days) and all 
their combinations on total viable count (TVC), lactic acid bacteria (LAB), Enterobacteriaceae (EB), 
Brochothrix thermosphacta (BT), E, percentage metmyoglobin (MMb%) and thiobarbituric acid 
reactive substances TBARS. 
Effects TVC LAB EB BT ΔE MMb% TBARS 
Category (C)     4.30*   13.59***     0.40     1.39   15.78***   27.98***     0.87 
Ageing temperature (T)     6.55*   88.10*** 102.03***     8.94**     0.00   15.13***   36.32*** 
Ageing time (A) 163.13***   80.18***   59.84***     7.47**   10.78** 151.03***   48.60*** 
Display time (D) 112.21*** 117.75***   17.27***   50.13***     n/a 449.74*** 133.15*** 
C  T     0.51     0.05     1.33     0.10     4.23*     4.99*     9.14** 
C  A     0.19     0.44     1.39   14.53***     7.42**     0.63     0.59 
C  D     0.92     0.28     2.29     6.99**     n/a     9.35**   18.39*** 
T  A     0.08     5.37*     6.55*     2.18     0.77     1.11     0.02 
T  D   17.73***   30.62***   10.46**   12.00***     n/a   12.40***     0.14 
A  D   63.96***     8.07**   50.63***   81.10***     n/a 156.66***   93.61*** 
C  T  A     0.21     0.01     0.20     1.87     0.06     0.00     0.05 
C  T  D     0.37     0.04     2.38     0.22     n/a     0.38     0.17 
C  A  D     0.00     1.95     4.39*   12.01***     n/a     3.35     6.07* 
T  A  D     0.16   21.49***     0.00     0.70     n/a     0.34     0.34 
C  T  A  D     0.64     0.60     0.44     0.83     n/a     0.04     0.03 
Significant probabilities are in bold. 
*Significant at P < 0.05 
**Significant at P < 0.01 
***Significant at P < 0.001 
n/a: not applicable 
Furthermore, the growth of LAB in samples previously aged at 4 °C during MAP display 
was more significant (P < 0.05) than in samples previously aged at −1 °C. Currently, the 
role of LAB in fresh meat is still controversial, as they represent a heterogeneous group of 
species that either contribute to spoilage through the generation of offensive metabolites or 
serve as bioprotective agents, with particular strains causing unperceivable or no 
alterations (Pothakos, Devlieghere, Villani, Björkroth, & Ercolini, 2015). Nonetheless, the 
enumeration technique used in the present study does not permit distinction of the specific 
LAB species present in the samples. 
Ageing temperature affected the growth of Enterobacteriaceae during the vacuum 
ageing itself and MAP display as well; the concentration of Enterobacteriaceae was higher 
(P < 0.05) in samples aged at 4 °C. The threshold of 5.0 log10 CFU/g for 
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Table 2 Maximum Belgian Blue beef vacuum ageing period permitting subsequent 7-day modified 
atmosphere storage at 4 °C for 2 days and 8 °C for 5 days for different microbiological and 
physicochemical parameters. 
Parameter Category Temperature (°C) Maximum vacuum ageing period (days) 
Lactic acid bacteria Both −1 < 60 
  4 < 20 
Enterobacteriaceae Both −1 > 80 
  4 < 20 
Brochothrix thermosphacta Both −1 < 20 
  4 < 20 
TBARS YB Both < 40 
 CC Both > 80 
MMb% YB −1 < 40 
  4 < 20 
 CC −1 < 60 
  4 < 40 
An effect of category alone or in combination with other factors was observed 
(P < 0.05) for all microbial parameters (Table 1). Since YB and CC were slaughtered and 
processed in different plants, the difference in microbial growth between categories is 
likely related to diverse hygienic conditions in both structures. 
Finally, meat is a complex environment with physicochemical properties that allow 
the colonisation and development of a variety of microorganisms (Stellato et al., 2016). 
The observations of the present study suggest that the nature of germs changes during 
vacuum ageing, and influences the microbiological profile of the meat when repacked in 
MAP. Nevertheless, the study of the microbiota of chilled beef can be laborious since some 
of its members may be missed or not identified by cultivation-based methods. In fact, 
current microbiological standards, which are based mainly on total viable mesophilic 
counts, lack the discriminatory capacity to detect psychrotrophic bacteria (Pothakos, 
Samapundo, & Devlieghere, 2012). According to Simmons, Tamplin, Jenson and Sumner 
(2008), reducing incubation temperature may improve the accuracy of counting methods 
for chilled beef. In this study, the incubation temperatures used to evaluate TVC, LAB and 
Enterobacteriaceae were lower than those recommended by the enumeration kit supplier, to 
reduce eventual underestimation of bacteria that might have been selected during chilled 
storage. Lastly, the use of culture-independent high-throughput sequencing methods could 
circumvent the constraints related to the culture of psychrotrophic bacteria. These methods 
have shown to be a useful tool for a depth assessment of the changes and interactions 
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within microbial populations during meat storage under different conditions (Delhalle et 
al., 2016; Imazaki et al., 2011). 
3.2 Colour stability 
Initial colour attributes of YB and CC are shown in Table 3. L* and b* did not 
differ between categories. Conversely, a* was higher in YB than in CC (P < 0.05). Boles 
and Swan (2002) reported a similar result; they found that the colour of raw meat from 
cows was significantly less red than meat from steers. However, our values conflict with a 
previous study from Fiems, De Campeneere, Van Caelenbergh, De Boever and Vanacker 
(2003), which reported no difference in b* between Belgian Blue bulls and cows, but 
higher L* and a* in cows than in bulls. According to Seideman, Cross, Smith and Durland 
(1984), older animals have a more intense accumulation of myoglobin in the muscle, and 
should logically be redder. The effect of category (YB and CC), ageing temperature (−1 
and 4 °C) and ageing time (A0, A20, A40, A60 and A80) and their various combinations 
was evaluated for E. The effect of category  ageing temperature and category  ageing 
time was significant for this parameter (P < 0.05) (Table 1). Ageing at 4 °C had a higher 
(P < 0.05) effect on E in YB than in CC. Moreover, a considerable increase (P < 0.05) in 
E was observed between the 20th and 40th days of vacuum ageing in YB. In CC, a gradual 
increase (P < 0.05) in E was observed after 20 days of vacuum ageing (Figure 3). 
The effect of category (YB and CC), ageing temperature (−1 and 4 °C), ageing time 
(A0, A20, A40, A60 and A80) and display time (D0 and D7) and all their combination was 
evaluated for MMb%. Category  display time, ageing temperature  display time and 
ageing time  display time had an impact (P < 0.05) on MMb% (Table 1). After a 7-day 
MAP display, YB, as well as samples that were aged at 4 °C, presented a greater (P < 0.05) 
sensitivity to pigment oxidation. Furthermore, MMb% in MAP samples was  
 
Table 3 Initial physicochemical attributes in longissimus thoracis et lumborum from Belgian Blue 
young bulls (YB) and cull cows (CC). 
 Category P SEM 
 YB CC   
L* 39.4 36.8 NS 0.880 
a* 22.1 18.9 * 0.763 
b* 12.0 12.3 NS 0.699 
Free fat (%)   1.1   1.7 NS 0.209 
α-Tocopherol (µg/g)   3.0   3.6 NS 0.212 
NS: non-significant, *: P < 0.05. 
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YB (A40D7) and 80 days of ageing and 7 days of display for CC (A80D7), no matter the 
ageing temperature (Table 2). In reality, lipid oxidation is believed to be initiated at the 
membrane level in the highly unsaturated phospholipid fraction. Thus, increasing the 
muscle concentration of polyunsaturated fatty acids can result in a significant increase in 
TBARS levels (Pouzo, Descalzo, Zaritzky, Rossetti, & Pavan, 2016). As reviewed by 
Venkata Reddy et al. (2015), fat from the muscle of bulls and steers has a significantly 
higher sum of polyunsaturated fatty acids compared to fat from heifers and cows, which is 
attributable to the higher intramuscular fat content of meat from females. Nevertheless, the 
hypothesis of the influence of different PUFA content between YB and CC on lipid 
stability was not verified in this study. 
Lipid oxidation and myoglobin oxidation often appear to be linked, and oxidation 
of one of these leads to the formation of chemical species that can exacerbate oxidation of 
the other (Faustman, Sun, Mancini, & Suman, 2010). For the samples in this study, a high 
coefficient of correlation between lipid oxidation (TBARS) and myoglobin oxidation 
(MMb%) was observed (r = 0.840). 
The α-tocopherol content was 3.0 µg/g in YB and 3.6 µg/g in CC, with no 
statistical difference between categories (Table 3). This result is not surprising since 
α-tocopherol tends to accumulate in fat tissues, and there was no difference in the fat 
content between YB and CC. Also, α-tocopherol content in meat is highly dependent on 
cattle diet (Smith, Morgan, Sofos, & Tatum, 1996). As no information about the nutritional 
background was provided, this hypothesis could not be verified in this research. Dufrasne 
et al. (2000) stated that α-tocopherol can significantly reduce lipid oxidation, and tends to 
maintain the redness of Belgian Blue meat, and Liu et al. (1995) suggest a value of 
3.5 µg/g as the minimum muscle α-tocopherol concentration that provides for near 
maximal suppression of lipid oxidation and MetMb formation in fresh beef. In our study, 
meat from YB remained below the threshold of 3.5 µg/g. This fact could explain that meat 
from YB was more sensitive to colour and lipid oxidation than meat from CC. However, 
other cellular mechanisms of protection against oxidative processes including the MMb 
reducing system and antioxidant enzymes (Imazaki, Douny, Elansary, Scippo, & Clinquart, 
2018) could be involved and need to be further investigated. 
Overall, extended Belgian Blue meat ageing had a negative impact on retail shelf-
life. Moreover, tenderness is one of the attributes most demanded by consumers, and its 
improvement is the primary reason for post-mortem ageing. Imazaki, Teixeira Gonçalves, 
Krantz, Thimister and Clinquart (2016) did not observe any amelioration in the tenderness 
of meat from Belgian Blue cull cows after 21 days of ageing. Hence, improvements in 
organoleptic attributes associated with maturation would be in vain, as alterations related 
to microbial growth and oxidation reactions would make the product less attractive to 
consumers during retail commercialisation. Still, extended Belgian Blue ageing could be 
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helpful for stock management by the foodservice industry sector, where high-oxygen 
atmosphere packaging is not used. 
4 Conclusions 
The duration and temperature of vacuum-packaged storage influenced microbial 
growth and lipid and pigment oxidation of beef during subsequent high-oxygen MAP 
storage. In the conditions of the present experiment, B. thermosphacta was the limiting 
parameter for vacuum ageing longer than 20 days at −1 °C associated to a subsequent 7-
day shelf-life in a high-oxygen atmosphere. More extended periods may be applied by 
HoReCa operators, where high-oxygen atmosphere packaging is not used. Ageing for 
20 days at 4 °C seems inappropriate for Belgian Blue beef due to high microbial growth at 
this temperature. 
This study combined the evaluation of both microbiological and physicochemical 
parameters of meat, bringing new knowledge about beef ageing at sub-zero temperatures 
and subsequent storage in a high-oxygen atmosphere, and supporting the development of 
appropriate strategies for beef preservation. Differences in physicochemical parameters 
highlighted between YB and CC should be considered carefully due to the low number of 
animals used in this research. 
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Chapter 5 
Biopreservation of fresh meat 
 
Biopreservation is the use of natural or controlled microbiota or antimicrobials 
as a way of preserving food and extending its shelf life. Since ancient times, man has 
used the fermentation of meat as a mode of preservation. 
If in fermented meat products the concept and applications of biopreservation 
appear natural, it is not the same for fresh products. Fermentation is, of course, an old 
method of biopreservation, but it results from a transformation of the product: the 
physicochemical parameters being modified, the ecosystem is affected, with positive 
consequences for the microbiological safety of these products. In the case of fresh 
meat, on the other hand, the aim is to preserve to the product all its initial organoleptic 
quality, modifying the microbial ecosystem in favour of the positive flora, without 
however initiating transformation by fermentation (Feurer et al., 2013). At this time, 
there is no evidence that biopreservation is voluntarily used in fresh meat. 
In Chapter 5, dedicated to the biopreservation in fresh meat, two studies will be 
included: “Phenotypic, genetic and functional characterisation of Carnobacterium 
maltaromaticum with potential as biopreservatives isolated from beef with extremely 
long shelf-life” and “In vitro evaluation of the competing effect of Carnobacterium 
maltaromaticum isolated from vacuum-packaged meat against food pathogens”. The 
manuscripts of these two studies are currently under preparation. 
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All C. maltaromaticum used in the studies of this chapter were isolated in the 
research presented in Chapter 3. The first study had as objective to perform a 
phenotypic, genetic and functional characterisation of C. maltaromaticum. The second 
study aimed to evaluate in vitro the effect of three C. maltaromaticum isolates against 
three major food pathogens, namely L. monocytogenes, S. Typhimurium and E. coli 
O157:H7. 
Redrafted after IMAZAKI P.H., JACQUES-HOUSSA C., KERGOURLAY G., DAUBE G., 
CLINQUART A. Phenotypic, genetic and functional characterisation of Carnobacterium 
maltaromaticum with potential as biopreservatives isolated from beef with extremely 
long shelf-life. (in preparation) 
P. H. IMAZAKI 97 
PHENOTYPIC, GENETIC AND FUNCTIONAL 
CHARACTERISATION OF CARNOBACTERIUM 
MALTAROMATICUM WITH POTENTIAL AS BIOPRESERVATIVES 
ISOLATED FROM BEEF WITH EXTREMELY LONG SHELF-LIFE 
Pedro Henrique Imazakia,*, Charlotte Jacques-Houssab, Gilles Kergourlayb,             
Georges Daubeb, Antoine Clinquarta 
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Telephone: +32 (0)4/366.40.40 
Abstract:  This study aimed to perform a phenotypic, genetic and functional characterisation of 
Carnobacterium isolated from beef with extremely long shelf-life stored at −1 °C, and 
investigate their potential as protective cultures in meat. Eleven isolates were tested for 
their morphologic and metabolic characteristics, the presence of bacteriocin genes, their 
ability to grow under different atmospheres and their effect on the growth of spoilage 
bacteria in beef and sensory quality of beef patties. The phenotypic profiling revealed 
that all isolates belonged to the species Carnobacterium maltaromaticum. The genetic 
profiling showed the presence of gene cbnBM1 coding for carnobacteriocin BM1 in all 
isolates and cbnB2 coding for carnobacteriocin B2 in six isolates. Carnobacterium 
maltaromaticum displayed more significant growth in an atmosphere without oxygen, and 
its inhibition effect against Enterobacteriaceae was only observed in the absence of 
oxygen. Hence, the use of C. maltaromaticum as a protective culture should be associated 
with systems such as vacuum packaging. Finally, the negative impact of the inoculation 
with one of the isolates on the sensory quality of beef patties was not very intense. Further 
research should focus on the effect of C. maltaromaticum on the growth of pathogenic 
bacteria and sensory attributes of other meat products. 
Keywords:  biopreservation, carnobacteriocin, Carnobacterium maltaromaticum, meat, shelf-life 
Highlights: • Carnobacterium maltaromaticum was isolated from beef with extremely long shelf-life. 
 • Isolates possessed genes coding for bacteriocins. 
 • C. maltaromaticum showed an inhibition effect against Enterobacteriaceae in meat. 
 • C. maltaromaticum may have minimal impact on the sensory quality of meat. 
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1 Introduction 
The principal factors that must be addressed in the preservation of chilled meat are 
the retention of an attractive and fresh appearance of the product which is displayed and 
retardation of bacterial spoilage, while keeping food safety. The storage life of fresh meat 
can be extended to several weeks by proper control of the hygienic condition of the 
product and storage temperature, as well as the appropriate selection of packaging (Gill, 
1996). The most commonly used method of preserving primal cuts is to vacuum 
packaging, thereby excluding oxygen and preventing the growth of oxygen-requiring 
spoilage bacteria (Gill, 1989; Mills, Donnison, & Brightwell, 2014). In order to further 
minimise a decrease in product quality, due either to spoilage by bacteria capable of 
anaerobic growth or to biochemical processes affecting oxidative stability, storage at 
subzero temperatures (−1.5 °C) has been recommended (Jeremiah & Gibson, 2001; Mills, 
et al., 2014). Currently, the European Union law allows only two preserving processes for 
fresh meat: refrigeration and packaging in vacuum and modified atmosphere (European 
Parliament and Council of the European Union, 2004). However, the development of novel 
preservation techniques, such as biopreservation, could constitute selective hurdles that the 
spoilage and pathogenic microorganisms should not be able to overcome. 
Biopreservation is the general term for methods of food preservation that use 
microbial activities to inhibit the growth of spoilage and pathogenic microorganisms (Yost, 
2014). Antagonistic cultures that are only added to inhibit pathogens and to extend the 
shelf-life, while changing the sensory properties of the product as little as possible, are 
termed protective cultures (Lücke, 2000). Lactic acid bacteria (LAB) have significant 
potential for use in biopreservation (Castro, et al., 2017; Orihuel, et al., 2018; Tirloni, et 
al., 2014), exerting their inhibitory effect against other microorganisms as a result of the 
competition for nutrients and the production of bacteriocins or other antagonistic 
compounds such as organic acids, hydrogen peroxide and enzymes (Castellano, Belfiore, 
Fadda, & Vignolo, 2008). Moreover, LAB are generally recognised as safe for 
consumption and, during storage, they naturally dominate the microbiota of meat and meat 
products (Castellano, et al., 2008). 
Carnobacterium is a relatively recently described genus of the LAB group (Oluk & 
Karaca, 2018). The genus Carnobacterium is comprised of little more than ten species 
frequently isolated from foods of animal origin or cold environments (Cailliez-Grimal, 
Afzal, & Revol-Junelles, 2014), and Carnobacterium divergens and Carnobacterium 
maltaromaticum are frequently a predominating element of the microbiota of chilled 
vacuum- or modified atmosphere-packaged meat and seafood (Laursen, et al., 2005). The 
use of C. maltaromaticum as a protective culture against pathogenic (Brillet, Pilet, Prevost, 
Cardinal, & Leroi, 2005; dos Reis, et al., 2011; Koné, et al., 2018) and spoilage (Spanu, et 
al., 2018) microorganisms has been assessed in diverse food matrix. Nevertheless, 
 CHAPTER 5 Bioprotection of fresh meat 
P. H. IMAZAKI 99 
C. maltaromaticum may also be a potential spoilage organism in meat products (Laursen, 
et al., 2005). 
In the present research, we studied C. maltaromaticum isolated from beef with 
extremely long shelf-life stored at −1 °C. We aimed to perform a phenotypic, genetic and 
functional characterisation of C. maltaromaticum isolates, and investigate their potential as 
protective cultures in meat and meat products. 
2 Material and methods 
2.1 Carnobacterium maltaromaticum isolates 
Bacterial isolates of C. maltaromaticum from different vacuum-packaged beef cuts 
with extremely long shelf-life, in which previous metagenetic analysis had revealed the 
predominance of the genus Carnobacterium (Imazaki, et al., 2012), were selected for this 
study. Isolation of C. maltaromaticum was carried as follows. Six vacuum-packaged 
longissimus thoracis et lumborum from Australia were supplied by a Belgian food 
wholesaler. Three samples of the same batch were transported to our laboratory each time, 
over a period of three months, as soon as a load with imported meat was delivered to the 
food wholesaler. The shelf-life was labelled 140 days at < 2 °C, and our supplier reported 
storage at maximum 0 °C throughout distribution. Samples arrived at our laboratory 
approximately 60 days after packaging and were stored at −1 °C until ⅔ of their shelf-life 
(93 days) when they were cut, in a sterile way, into 2–3 cm-thick steaks. Part of the steaks 
was vacuum-packaged and stored at 4 °C until the end of the shelf-life (140 days). At ⅔ 
and the end of the shelf-life, 25 cm2 (1 cm thick) of meat were transferred to a sterile bag 
with 225 mL sterile peptone water and homogenised for 120 s using a stomacher (primary 
suspension). Serial decimal dilutions were prepared using the same dilutant. Primary 
suspensions and their dilutions were plated on plate count agar (PCA). After incubation at 
22 °C for 48 h, one colony out of each of the 32 plates showing bacterial growth was 
purified. The 32 pure colonies obtained were characterised using API 50 CHL galleries. 
Twenty-five isolates (78%) were identified as C. maltaromaticum, one isolate (3%) was 
identified as C. divergens, and six isolates (19%) could not be identified. Eleven isolates 
identified as C. maltaromaticum were selected for this research (CM_B820, CM_B821, ... 
and CM_B830), representing different meat samples and storage time/temperature 
(Table 1). 
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Table 1 Identification of Carnobacterium maltaromaticum isolates and storage conditions of 
Australian bovine vacuum-packaged longissimus thoracis et lumborum used to obtain the isolates. 
Isolate code Batch no. Sample no. Storage time at < 0 °C (days) 
Storage time at 
4 °C (days) 
Total storage time 
(days) 
CM_B820 1 1 93 47 140 
CM_B821 1 2 93 47 140 
CM_B822 1 3 93 47 140 
CM_B823 1 1 93 0 93 
CM_B824 1 2 93 0 93 
CM_B825 1 3 93 0 93 
CM_B826 2 4 93 0 93 
CM_B827 2 6 93 0 93 
CM_B828 2 4 93 47 140 
CM_B829 2 5 93 47 140 
CM_B830 2 6 93 47 140 
2.2 Phenotypic characterisation of the isolates 
The following analyses were performed on 11 isolates of C. maltaromaticum 
(CM_B820 to CM_B830) and two reference strains (LMG 11393 and LMG 22902). Cell 
morphology was determined by direct microscopic observation. Gram test and catalase 
activity were performed by standard methods. The activity of oxidase was assessed by 
Bactident oxidase tests (Merck), according to the supplier’s instructions. The carbohydrate-
fermenting capacity of 50 carbohydrates and the activity of 19 enzymes were examined 
using API 50 CH and API ZYM (Biomérieux), respectively. The testing tubes were 
inoculated with a pure culture suspension, previously grown overnight on PCA at 25 °C, 
according to the manufacturer’s instructions. API 50 CH tubes were sealed using mineral 
oil and incubated at 30 °C for 48 h. API ZYM tubes were incubated at 30 °C for 4 h. After 
incubation, carbohydrate fermentation and enzyme activity were evaluated. 
2.3 Genome sequencing and detection of bacteriocin genes 
The eleven C. maltaromaticum isolates (CM_B820 to CM_B830) were cultured in 
brain heart infusion broth and harvested in the mid-logarithmic phase. The genomic DNA 
was extracted and purified using a DNeasy kit for DNA extraction (Qiagen) according to 
the manufacturer’s instruction. Whole-genome sequencing was performed using a MiSeq 
sequencer (Illumina), and the genome was annotated using Subsystems Technology 
(RAST) version 2.0 (Meyer, et al., 2008). The genome of the 11 isolates was aligned using 
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the software tool Gegenees version 2.1 (Agren, Sundstrom, Hafstrom, & Segerman, 2012), 
and the results were visualised and analysed using the program Splits Tree version 4.13.1 
(Huson, 1998). Subsequently, we focused on genes encoding for bacteriocins (cbnBM1 for 
carnobacteriocin BM1 and cbnB2 for carnobacteriocin B2). The identification of genes 
coding for bacteriocins was performed using the software BAGEL3 (van Heel, de Jong, 
Montalban-Lopez, Kok, & Kuipers, 2013). 
2.4 Influence of different atmospheres on the growth of C. maltaromaticum 
Irradiated minced pork meat, used as a model of sterile meat, was inoculated 
(1% v/w) with a suspension of the isolate CM_B820 (105 CFU/mL) in order to reach a 
theoretical concentration of 103 CFU/g. Meat and inoculum were homogenised in a stand 
mixer (model Kitchen Grand Chef, Kenwood) for 2.5 min. Eighty grams of inoculated 
meat were repackaged in PP/EVOH/PP trays (ES-Plastic, dimensions: 187 × 137 × 50 mm, 
oxygen permeability: 4 cm³/m² at 24 h bar, 23 °C and 0% RH) containing a modified 
atmosphere and sealed with a PET/PP film (Wipak, oxygen permeability: 8.4 cm³/m² at 
24 h bar, 23 °C and 0% RH). Three atmospheres were tested: 100% N2, 70/30% O2/CO2 
and 70/30% CO2/O2. The trays were stored at 4, 8 and 12 °C for 7 days. Bacterial counting 
was performed on PCA at 25 °C after 0, 3 and 7 days of storage. Tests were performed in 
triplicate. 
2.5 Microbiological stability of commercial beef inoculated with 
C. maltaromaticum 
Two bovine vacuum-packaged psoas major muscles from the same batch were 
supplied by a food wholesaler located in the Walloon Region of Belgium 16 days after 
slaughter. After the reception at our laboratory, 3 cm thick steaks were cut and inoculated 
on the surface (1% v/w) with a suspension of the isolate CM_B820 (105 CFU/mL) in order 
to reach a theoretical concentration of 103 CFU/g. Samples were repackaged in vacuum 
and stored at −1 °C for 7 days (large-scale market simulation). Vacuum bags (Cryovac) 
were 60 µm thick, and the oxygen permeability was 13 cm³/m² 24 h bar at 23 °C and 0% 
relative humidity (RH). Then, they were repackaged in PP/EVOH/PP trays containing a 
modified atmosphere and sealed with a PET/PP film. Two atmospheres were tested: 100% 
N2 and 70/30% O2/CO2, and steaks from the same muscle were used for each tested 
atmosphere. The trays were stored at 4 °C for 7 days (display simulation). Blank was made 
by replacing the C. maltaromaticum suspension with sterile saline, and tests were 
performed in triplicate. Total viable count (TVC), LAB, Enterobacteriaceae (EB), 
Pseudomonas spp. (PS) and Brochothrix thermosphacta (BT) counts were performed 
immediately before inoculation with C. maltaromaticum (d0) and at 0, 3 and 7 days of 
display (d7, d10 and d14) as follows. Twenty-five square centimetres (1 cm thick) of meat 
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were transferred to a sterile bag with 225 mL sterile peptone water and homogenised for 
120 s using a stomacher (primary suspension). Serial decimal dilutions were prepared 
using the same dilutant. The concentration of TVC, LAB and EB was measured by plating 
on PCA, De Man, Rogosa and Sharpe agar and violet red bile dextrose agar, respectively. 
Plates were incubated at 22 °C for 48 h for TVC, 22 °C for 72 h for LAB and 30 °C for 
24 h for EB. The enumeration of PS was performed by plating on cephalothin–sodium 
fusidate–cetrimide agar (CFC) agar with CFC-selective supplement and incubating at 
25 °C for 48 h, as per ISO 13720 (ISO, 1995). Colonies were confirmed by oxidase tests 
and fermentation profiling on Kligler agar. Finally, BT was enumerated by plating on 
streptomycin–sulphate, thallous–acetate and actidione (STAA) agar with STAA-selective 
supplement and incubating at 22 °C for 48 h, as per ISO 13722 (ISO, 1996). Colonies were 
confirmed by oxidase tests. 
2.6 Sensory quality of beef patties inoculated with C. maltaromaticum 
Commercial bovine minced meat preparation (89% beef, water, 0.9% vegetal 
fibres, salt, silica dioxide, ascorbic acid, sodium acetate and sodium citrate) for the 
production of beef patties, displaying a shelf-life of 8 days, was supplied by a meat plant 
located in the Walloon region of Belgium on the same day of production. Three meat 
preparation batches were made, and each batch was inoculated (1% v/w) with a suspension 
of one of the three selected isolates of C. maltaromaticum (CM_B824, CM_B827 and 
CM_B829) at 106 or 108 CFU/mL in sterile physiological saline to achieve a final 
concentration of 104 and 106 CFU/g, respectively. After inoculation, portions of 90 g were 
moulded into 2 cm thick beef patties. The beef patties were packaged in PP/EVOH/PP 
trays containing a modified atmosphere (80/20% O2/CO2), sealed with a PET/PP film and 
stored at 4 °C for 5 days and then at 8 °C for 3 days, in order to simulate a break in the 
cold chain during distribution. Blank was performed with sterile physiological saline 
instead of a C. maltaromaticum suspension. After 8 days of storage, part of the samples 
was grilled on a frying top (model FTL35E/6/0, Tecnoinox) until they reached an internal 
temperature of 75 °C. 
An untrained panel of 12 members was requested to make a sensory evaluation of 
raw and cooked samples after 8 days of storage, by scoring five descriptors (appearance, 
odour, colour, tenderness, flavour and juiciness) from 1 (= dislike) to 5 (= like). 
Tenderness, flavour and juiciness were evaluated only in cooked samples. 
2.7 Statistical analysis 
For the results concerning the influence of different atmospheres on the growth of 
C. maltaromaticum, two-way analysis of variance (ANOVA) was used to calculate the 
 CHAPTER 5 Bioprotection of fresh meat 
P. H. IMAZAKI 103 
effect of time (0, 3 and 7 days) and the atmosphere (100% N2, 70/30% O2/CO2 and 70/30% 
CO2/O2), as well as their interaction, on the growth of C. maltaromaticum at each 
temperature (4, 8 and 12 °C). Data relating to the microbiological stability of commercial 
beef inoculated with C. maltaromaticum was analysed by two-way ANOVA. The effect of 
time (7, 10 and 14 days) and the inoculum (blank and C. maltaromaticum), as well as their 
interaction, on TVC, LAB, EB and BT were calculated. Concerning the results relating to 
the sensory quality of beef patties inoculated with C. maltaromaticum, two-way ANOVA 
was used to calculate the effect of the inoculum (blank, CM_B824, CM_B827 and 
CM_B829) and concentration of the inoculum (104 and 106 CFU/g meat) on different 
sensory attributes (appearance, odour, colour, tenderness, flavour and juiciness) in raw and 
cooked samples. When necessary, Tukey’s test was used to assess differences between test 
groups. All statistical analyses were performed using VassarStats online. 
3 Results 
3.1 Phenotypic profiling 
The colonies obtained from the eleven isolates (CM_B820 to CMB_830) and two 
reference strains (LMG 11393 and LMG 22902) presented the following characteristics: 
Gram-positive bacillus-shaped cells arranged in pairs, catalase and oxidase negative. 
The API 50 CH system showed that the eleven isolates (CM_B820 to CMB_830) 
and two reference strains (LMG 11393 and LMG 22902) could ferment the following 
carbohydrates and derivates: glycerol, D-ribose, D-galactose (except CM_B828 and LMG 
11393), D-glucose, D-fructose, D-mannose, D-mannitol, methyl-α-D-mannopyranoside, 
methyl-α-D-glucopyranoside, N-acetylglucosamine, amygdalin, arbutin, esculin ferric 
citrate, salicin, D-cellobiose, D-maltose (except CM_B823), D-lactose (only CM_B820, 
CM_B821, CM_B822, CM_B823, CM_B830, LMG 11393 and LMG 22902), D-melibiose 
(except CM_B826, CM_B827, CM_B828, CM_B830 and LMG 11393), D-saccharose, 
D-trehalose, inuline (except CM_B820, CM_B828 and LMG 22902), D-melezitose (except 
CM_B823 and LMG 22902), amidon (only CM_B821, CM_B826, CM_B829, CM_B830 
and LMG 11393), gentiobiose, D-turanose and potassium gluconate. API 50 CH tests 
confirmed that all isolates belonged to the species C. maltaromaticum. 
The API ZYM test revealed the activity of the following enzymes: alkaline 
phosphatase (only CM_B824), C4 esterase (except CM_B827), C8 esterase lipase, 
C14 lipase (only CM_B827), valine arylamidase (except CM_B822, CM_B823, 
CM_B825, CM_B826, CM_B828 and LMG 22902), cystine arylamidase (only 
CM_B821), trypsine (only CM_B826, CM_B828 and CM_B830), α-chrymotrypsine (only 
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CM_B829), acid phosphatase, naphthol-AS-BI-phosphohydrolase, β-glucosidase, 
N-acetyl-α-D-glucosaminidase (only CM_B822 and LMG 22902) and α-mannosidase 
(only CM_B824, CM_B828 and CM_B830). 
3.2 Genetic profiling 
The interpretation of the phylogenetic tree resulting from the alignment of the 
genomes of the eleven isolates of C. maltaromaticum (CM_B820 to CM_B830), as well as 
one reference strain (CM_LMA29), revealed the existence of four distinct groups based on 
their genetic profile: (1) CM_LMA28, (2) CM_B820 to CM_B825, (3) CM_B826, 
CM_B828 and CM_B829 and (4) CM_B827 and CM_B830 (Figure 1). Based on this 
result, the isolate CM_B820 was selected for the study of the influence of different 
atmospheres on the growth of C. maltaromaticum and microbiological stability of 
commercial beef inoculated with C. maltaromaticum (Section 3.3) since it belonged to the 
group with the most isolates. Isolates CM_B824, CM_B827 and CM_B829 were chosen 
for the assessment of the sensory quality of beef patties inoculated with C. maltaromaticum 
(Section 3.3) because they belonged to three distinct genetic groups. 
The detection of bacteriocin genes in the genome of the eleven C. maltaromaticum 
isolates (CM_B820 to CM_830) was performed to assess their bioprotective potential. All 
the isolates possessed the gene cbnBM1 coding for carnobacteriocin BM1. However, only 
 
 
Figure 1 Graphical interpretation of the alignment of the genome of 11 isolates of 
Carnobacterium maltaromaticum (CM_B820 to CM_B830) and one reference strain 
(CM_LMA28). 
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isolates from batch no. 1 (CM_820 to CM_825) were positive for the gene cbnB2 coding 
for carnobacteriocin B2. 
3.3 Functional profiling 
The influence of three different atmospheres (100% N2, 70/30% O2/CO2 and 
70/30% CO2/O2) on the growth of one isolate of C. maltaromaticum (CM_B820) at 
different temperatures (4, 8 and 12 °C) was evaluated in irradiated minced pork meat, used 
as model of sterile meat, after 0, 3 and 7 days of storage. Immediately after the inoculation 
of meat with a suspension of the isolate CM_B820 (d0), the C. maltaromaticum load was 
3.3 log10 CFU/g. After inoculation and incubation for 7 days, the interaction 
atmosphere  time was observed for the three storage temperatures (P < 0.05). At 4 and 
8 °C, the atmosphere containing 100% N2 promoted the highest growth of 
C. maltaromaticum. Furthermore, after 7 days of storage at 8 °C, C. maltaromaticum 
reached 7.7 log10 CFU/g (Figures 2.a and 2.b). Contrariwise, at 4 and 8 °C, 
C. maltaromaticum presented a low growth in the atmospheres containing O2 and CO2. At 
12 °C, the fastest growth rate was observed in the atmosphere with 100% N2. However, 
after 7 days of incubation, C. maltaromaticum reached the same concentration in the 
atmospheres containing 100% N2 and 70/30% O2/CO2. Finally, at 12 °C, the lowest growth 
of C. maltaromaticum was observed in the atmosphere containing 70/30% CO2/O2 
(Figure 2.c). 
Two vacuum-packaged psoas major samples were used to evaluate the microbial 
stability of commercial beef inoculated with one isolate of C. maltaromaticum (CM_B820) 
after 7 days of storage in vacuum at −1 °C (d7) and a subsequent storage for 7 days in two 
modified atmospheres (100% N2 and 70/30% O2/CO2) at 4 °C (d14). Table 2 shows the 
microbial counts for the steaks used to evaluate the atmosphere containing 100% N2 
immediately before inoculation with C. maltaromaticum (d0). During the subsequent 
storage in 100% N2, the interaction time (7, 10 and 14 days after inoculation)  inoculum 
(blank and C. maltaromaticum) was significant (P < 0.05). Total viable count (TVC) 
increased over time and was higher in inoculated samples than non-inoculated samples 
throughout the storage (Figure 3.a). Similarly, LAB increased in inoculated samples 
during 7 days of storage. However, they remained stable between the last 4 days of storage 
in non-inoculated samples (Figure 3.b). A growth of EB was observed during the last 
4 days of storage in non-inoculated samples. By contrast, no growth of EB was observed in 
inoculated samples during 7 days of storage (Figure 3.c). The growth of BT was higher in 
inoculated samples than in non-inoculated samples (Figure 3.d). Finally, PS counts 
remained below the counting threshold (data not shown in graphical form). Regarding the 
evaluation of the microbial stability of beef inoculated with C. maltaromaticum in an 
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C. maltaromaticum displays more significant growth in atmospheres without oxygen. 
Furthermore, the inhibition effect of C. maltaromaticum against the spoilage group EB was 
only observed in the absence of oxygen. Therefore, the use of C. maltaromaticum as a 
biopreservative in chilled meat and meat products should be associated with systems such 
as vacuum packaging and vacuum skin packaging. 
Despite its bioprotective properties, C. maltaromaticum has been found to possess a 
great potential for meat spoilage (Ercolini, Russo, Nasi, Ferranti, & Villani, 2009; Laursen, 
et al., 2005). Sensory analysis showed that the panellists could distinguish between non-
inoculated and inoculated beef patties with C. maltaromaticum; however, the impact of 
inoculation with isolate CM_B827 was not very intense. Casaburi, et al. (2011) identified 
3-methyl-1-butanol, 1-octen-3-ol, butanoic acid and aceteoin as the main spoilage 
molecules produced by Carnobacterium spp. Moreover, the same study reported that 
storage in air contributes to a higher perception of off-odours in meat inoculated with 
Carnobacterium spp. when compared to vacuum storage, confirming that the use of 
C. maltaromaticum as a protective culture could be more efficient in low-oxygen 
packaging systems. 
5 Conclusions 
In conclusion, we obtained in this study 11 isolates of C. maltaromaticum from 
vacuum-packaged beef with extremely long shelf-life. The major part of these isolates 
possessed genes coding for carnobacteriocins BM1 and B2. It was observed that 
C. maltaromaticum displays a higher growth rate and an inhibition effect against EB in 
low-oxygen atmospheres. Finally, isolate CM_B827 had a negligible negative impact on 
the sensory attributes of beef patties. Further research on these isolates should focus on 
their effect on the growth of pathogenic bacteria, including L. monocytogenes, and sensory 
attributes of other meat products. 
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Abstract:  Foodborne disease outbreaks are one of the leading causes of infections, hospitalizations 
and deaths provoked by pathogenic bacteria including Listeria monocytogenes, 
Salmonella spp and Escherichia coli O157:H7. Carnobacterium maltaromaticum is a lactic 
acid bacteria, which could prevent the growth of pathogens in refrigerated food. The aim 
of this study was to determine the bioprotective potential of three strains of 
C. maltaromaticum isolated from chilled vacuum-packaged beef. They were tested in vitro 
against the pathogens cited above. The results indicate that the selected strains have an 
antilisterial activity, which is optimized at low temperatures. Moreover, when the strains 
were combined with EDTA it was observed a slight, but significant, inhibition of the 
gram-negative bacteria used in this study. 
Keywords:  antilisterial activity, biopreservation, bioprotective culture, lactic acid bacteria 
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1 Introduction 
Foodborne disease outbreaks are caused by the ingestion of contaminated food with 
pathogenic microorganisms. The World Health Organization considers that foodborne 
outbreaks are critical threats to the global health. The high rate of infections caused by 
human pathogens including Listeria monocytogenes, Salmonella spp. and Escherichia 
coli O157:H7 is a frequent reminder of the complex food web that links humans, animals 
and microbial population (Wolfe, Dunavan, & Diamond, 2007). Poor handling, incorrect 
storage and consumption of raw meat are one of the leading causes of foodborne diseases 
(Ozbey, Ertas, & Kok, 2006). 
In Europe, invasive listeriosis has been reported to be an infection of great concern 
to public health due to its clinical severity (hospitalisation rate > 90%) and high fatality 
rate (20% to 30%), despite the correct treatment and its low incidence (Hernandez-Milian 
& Payeras-Cifre, 2014). Moreover, Salmonella sp. is reported as the cause of 22.5% of 
foodborne diseases associated with the consumption of meat and meat products 
(Hennekinne, Herbin, Firmesse, & Auvray, 2015). Finally, enterohemorrhagic E. coli 
(EHEC) is a typically food-born pathogen causing haemorrhagic colitis or haemolytic-
uraemic syndrome. Typical EHEC strains produce Shiga-like toxins (named Shiga toxin 
producing E. coli, STEC) similar to those produced by Shigella dysenteriae making them 
the most virulent diarrhoeagenic E. coli known to date (Allocati, Masulli, Alexeyev, & Di 
Ilio, 2013). 
Biopreservation has received the attention of food industry as a mean of naturally 
controlling the shelf-life and safety of food. Lactic acid bacteria (LAB) have significant 
potential for use in biopreservation and have been traditionally used as natural 
biopreservatives of food and feed (Castro, et al., 2017; Orihuel, et al., 2018; Tirloni, et al., 
2014). Carnobacteria are ubiquitous LAB isolated from cold and temperate environments 
and can be found as natural microbiota of chilled meat, fish and dairy products (Laursen, et 
al., 2005). Among the species of Carnobacterium, two species, Carnobacteria divergens 
and Carnobacteria maltaromaticum, are frequently isolated from food and showed the 
ability to inhibit pathogenic and spoilage microorganisms in diverse food matrix, exerting 
their inhibitory effect as a result of the competition for nutrients and the production of 
bacteriocins (Leisner, Laursen, Prévost, Drider, & Dalgaard, 2007). Thus, their use as 
bioprotective cultures in food has been considered (Iskandar, et al., 2016; Leisner, Laursen, 
Prévost, Drider, & Dalgaard, 2007; Orihuel, et al., 2018). 
The antimicrobial properties of Carnobacterium spp. have been studied in vitro 
(Hammi, et al., 2016; Tulini, et al., 2014), in cold-smoked salmon (Brillet-Viel, Pilet, 
Courcoux, Prévost, & Leroi, 2016; Brillet, Pilet, Prevost, Cardinal, & Leroi, 2005), ricotta 
 CHAPTER 5 Bioprotection of fresh meat 
P. H. IMAZAKI 117 
(Spanu, et al., 2018) and as a feed additive for rabbits to improve meat microbial quality 
and safety (Koné, et al., 2018). 
In this context, this study aims to evaluate in vitro the bioprotective potential of 
Carnobacterium maltaromaticum isolated from vacuum-packaged beef against 
L. monocytogenes, Salmonella Typhimurium and E. coli O157:H7. 
2 Material and methods 
2.1 Bacterial isolates/strains 
Three different isolates of C. maltaromaticum (CM_B824, CM_B827 and 
CM_B829), obtained from Australian vacuum packaged chilled beef (longissimus thoracis 
et lumbrorum muscle) with an extremely long shelf-life (140 days at −1 °C) were used in 
this study (Imazaki, et al., 2012). These isolates were selected among 11 after the 
sequencing of their genome, which revealed the existence of three main phylogenetic 
groups. Therefore, one isolate of each group was selected to be used in this research. 
Three foodborne pathogenic bacteria (L. monocytogenes ATCC 19117, 
Salmonella Typhimurium ATCC 14028 and E. coli O157:H7 ATCC 35150) were used in 
this project. 
2.2 Evaluation of the antimicrobial effect of C. maltaromaticum in co-culture 
The antimicrobial effect of C. maltaromaticum in co-culture was determined using 
the following procedure: flasks with 30 mL BHI broth were inoculated with each isolate of 
C. maltaromaticum (6 log10 CFU/mL) and one of the pathogenic strains (3 log10 CFU/mL). 
Flasks with BHI were also inoculated with each pathogenic strain at 3 log10 CFU/mL alone 
as controls. The flasks were incubated at −1, 4 and 25 °C for 28 d, 14 d and 48 h, 
respectively, in a shaker (model Rotamax 120, Heidolph, Germany) at 150 rpm. 
Pathogenic bacteria counts were performed using specific chromogenic media: 
RAPID’L.mono, RAPID’Salmonella and RAPID’E.coli 2 (BioRad, Marnes, France). 
C. maltaromaticum concentration was estimated as the difference between counts on plate 
count agar (PCA) (BioRad, Marnes, France) and chromogenic media. 
The influence of the addition of ethylenediaminetetraacetic acid (EDTA) on the 
antimicrobial effect of C. maltaromaticum on pathogens was investigated. Co-cultures 
were carried out in flasks containing BHI broth with EDTA 1 mM (VWR, Radnor, USA), 
incubated at 25 °C for 48 h, in a shaker (model Rotamax 120, Heidolph, Germany) at 
150 rpm. Bacterial counts were performed following the same procedure described above. 
SECTION II Experimental studies 
118 P. H. IMAZAKI 
To find the concentration of EDTA that would not interfere in the bacterial growth by 
itself, a previous experiment was conducted. Serial concentrations of EDTA (1, 5, 10, 20 
and 40 mM) were added to the broth medium with each strain of pathogen. The 
concentration that showed no difference on growth compared to the negative control (broth 
without the addition of EDTA) was selected (1 mM). 
2.4 Evaluation of the antimicrobial effect of the cell-free supernatant of 
C. maltaromaticum 
To check if the antimicrobial effect of C. maltaromaticum was mediated by the 
production of antimicrobial molecules in the culture supernatant, tests were conducted as 
follows. Three tubes per C. maltaromaticum isolate were prepared with 10 mL of BHI 
broth and one colony of each isolate of C. maltaromaticum. The tubes were incubated at 
25 °C for 48 h and centrifuged (Model Eppendorf Centrifuge 5804, Hamburg, Germany) at 
15,557 g for 10 min. The supernatant of two tubes was treated with sodium hydroxide 1N 
(VWR, Radnor, USA) until pH 6.5. Finally, one supernatant treated with sodium 
hydroxide was filtered through 0.2 µm sterile Minisart syringe filters (Sartorius, Germany). 
The treated supernatants were inoculated in wells made in PCA plates previously spread 
with 100 µL each of the pathogenic bacteria cited above (6 log10 CFU/mL). Four 
treatments were applied on each plate: (i) sterile BHI broth (blank), (ii) centrifuged 
supernatant, (iii) centrifuged supernatant treated with sodium hydroxide (to neutralise 
organic acids eventually produced by C. maltaromaticum), and (iv) centrifuged supernatant 
treated with sodium hydroxide and filtered. The halo of inhibition was measured after 48 h 
of incubation at 37 °C, and all treatments were performed in triplicates. 
2.4 Statistical analysis 
Data was analysed by one-way ANOVA. The effect of inoculum (blank, 
CM_B824, CM_B827 and CM_B829) on the growth of L. monocytogenes, 
S. Thiphymurium and E. coli O157:H7 was calculated for co-cultures without EDTA at 
each incubation temperature (−1, 4 and 25 °C) and co-cultures with EDTA at 25 °C. When 
necessary, Tukey’s test was used to assess differences between test groups. ANOVA was 
performed using VassarStats online. 
3 Results 
The antimicrobial effect of C. maltaromaticum against L. monocytogenes, 
S. Thiphymurium and E. coli O157:H7 was assessed in co-cultures at −1, 4 and 25 °C. At 
−1° C, L. monocytogenes alone reached a concentration of 6.6 log10 CFU/mL after 28 d. 
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Carnobacterium maltaromaticum isolates CM_B824 and CM_B827 showed an 
inhibition effect towards L. monocytogenes (P < 0.05) when in co- cultures at 25 °C 
(Figure 3.a). Regarding the two other pathogens, C. maltaromaticum isolates did not show 
any inhibitory effect when grown in co-culture with S. Typhimurium and E. coli O157:H7 
at 25 °C (Figures 3.b and 3.c). When EDTA was added in to the co-culture broths, isolates 
CM_B824 and CM_B827 inhibited the growth of L. monocytogenes and S. Typhimurium 
(P < 0.05) (Figures 3.d and 3.e), and the three isolates (CM_B824, CM_B827 and 
CM_B829) inhibited the growth of E. coli O157:H7 (P < 0.05) (Figure 3.f). It should be 
noted that the inhibition effects observed at 25 °C were not strong.  
Finally, the evaluation of the antimicrobial activity of cell-free supernatant of 
C. maltaromaticum (obtained after 48 h at 25 °C) by agar well diffusion assay did not 
highlight any inhibition effect of the supernatants against the tested pathogens. 
4 Discussion 
The food industry has a large interest in the potential use of LAB in 
biopreservation. Their inhibitory effect against pathogenic and spoilage bacteria (Ammor, 
Tauveron, Dufour, & Chevallier, 2006; Cizeikiene, Juodeikiene, Paskevicius, & Bartkiene, 
2013) is an important indicator of their possible use as protective cultures, and applying 
then to the food matrix as antimicrobials would permit to act against foodborne pathogens, 
while replacing some synthetic conservatives (Engelhardt, Albano, Kiskó, Mohácsi-Farkas, 
& Teixeira, 2015; Huang, Ye, Yu, Wang, & Zhou, 2016). 
In the present study, C. maltaromaticum showed an antilisterial activity, which was 
also observed by other authors. Alves, de Martinis, Destro, Vogel, and Gram (2005) 
reported an antilisterial activity of a C. maltaromaticum isolated from Brazilian smoked 
fish. Dos Reis, et al. (2011) also observed an antilisterial activity of C. maltaromaticum in 
fish models. Moreover, Hammi, et al. (2016) characterised a bacteriocin produced by 
C. maltaromaticum isolated from Camembert cheese, which showed a high activity against 
strains of L. monocytogenes. 
Lactic acid bacteria (LAB) can inhibit pathogen microorganisms by synthesis of 
bacteriocins (Gómez-Sala, et al., 2016). However, Gram-negative bacteria are naturally 
resistant to the action of bacteriocins produced by Gram-positive bacteria, which are 
widely explored in foods (Prudêncio, dos Santos, & Vanetti, 2015). One of the most used 
strategies for the sensitisation of Gram-negative bacteria to the action of bacteriocins 
produced by Gram-positive bacteria is the combination of bacteriocins with EDTA. The 
chelator acts by promoting destabilisation of the outer membrane in part by releasing the 
lipopolysaccharide layer, allowing the bacteriocin to access the cytoplasmic membrane 
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target pathogen bacteria. Thus, the isolates of C. maltaromaticum used in this research are 
not likely to produce bacteriocins under the studied conditions. Gursky, et al. (2006) 
demonstrated that bacteriocin activity was not observable in the supernatant of cultures of 
C. maltaromaticum grown in liquid media at 25 °C, but at temperatures less than 19 °C 
bacteriocin activity could be detected. Other variables, such as pH, medium composition 
and aeration could have influenced the production of bacteriocins by the isolates of 
C. maltaromaticum (Zhang, Kaur, Bowman, Ratkowsky, & Tamplin, 2017). 
5 Conclusions 
The three C. maltaromaticum isolates tested showed an antilisterial potential in 
vitro, which was more important at −1 and 4 than at 25 °C. Thus, the combination of two 
hurdles (refrigerated storage and addition of protective cultures) shows great potential to 
improve quality and food safety. To improve our work, it would be interesting to test the 
antimicrobial activity of the cell-free supernatant of C. maltaromaticum in other growth 
conditions (e.g., lower temperatures and anaerobiosis). The understanding of the effect of 
environmental factors on the inhibitory effect of C. maltaromaticum against other bacteria 
would contribute to the correct use of this LAB as a protective culture in meat and meat 
products. 
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After the presentation of the experimental studies in Section II, a general 
discussion of the obtained results will be made in Section III. This section contains one 
chapter that makes an overview of the significant findings of this research and presents 
the practical implications and limitations of this study. 
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Chapter 6 
Overview of significant findings, 
practical implications and limitations 
6.1 Preservation of fresh meat with extremely long shelf life 
The study of the preservation of fresh meat with extremely long shelf life 
(> 100 days) provided evidence that the use of sub-zero temperatures during vacuum 
storage is essential in meat shelf life extension since it retards meat deterioration, 
preventing Mb oxidation (discolouration) and the growth of certain spoilage bacteria, 
especially Enterobacteriaceae. It should be noted that the long shelf life displayed on 
these meats can only be achieved if and only if a storage temperature near the freezing 
point (−2°C) is respected throughout vacuum ageing. When a temperature of 4°C was 
applied during the last ⅓ of the shelf life to simulate a break in the cold chain, a 
decrease in the microbial and oxidative stability was observed. Jeremiah and Gibson 
(2001) had already highlighted that storage life could be more than doubled by storage 
at subzero temperatures. Therefore, it is crucial for operators in producer countries to 
ensure strict control of the cold chain during distribution if they want to consolidate 
export markets for chilled vacuum-packaged beef primals in geographically distant 
regions. 
Furthermore, it was noticed a decline in the quality of these meats when they 
were repackaged in a high-O2 atmosphere (retail display). Thus, it is not recommended 
that they be reconditioned, in the late stages of ageing, in consumer portions under 
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modified atmospheres rich in O2. Such repackaging can, however, be envisaged for 
shorter ageing durations (generally less than or equal to ⅔ of the shelf life). Another 
possibility to prevent spoilage would be applying vacuum skin packaging for retail 
display. If a margin of safety is considered (break of the cold chain or possible 
repackaging in a high-O2 atmosphere), then the shelf life attributed to these meats can 
be judged overestimated. 
Taking into account Australian meat, not only its microbiological quality was 
excellent, it presented a high -tocopherol content (6.1 µg/g) as well. Supplemental 
-tocopherol in beef cattle diets can improve the shelf life of meat (Smith et al., 1996) 
by minimising lipid oxidation and improving colour stability (Yang et al., 2002; Suman et 
al., 2014). Liu et al. (1995) considered 3.5 µg/g as the minimum -tocopherol 
concentration that provides for near maximal suppression of lipid oxidation and MMb 
formation in fresh beef. Australian beef was largely above this threshold, while Brazilian 
meat, which also displayed a very long shelf life (120 days) presented an -tocopherol 
content of only 3.2 µg/g. It should be noted that -tocopherol content was not 
measured immediately after slaughter, and may have decreased during storage. In 
addition, the study of the composition of imported meats (e.g., fat content and fatty 
acid profile) and other endogenous antioxidant systems, including the MRA or 
antioxidant enzymes (e.g., SOD, CAT and GSH-Px) could have provided supplementary 
information to understand the oxidative stability of these meats. 
Metagenetics analysis on imported meat revealed higher bacterial diversity in 
Brazilian, Irish and British meat when compared to Australian. In all cases, time 
contributed to the selection of fewer genera in the beef microbial environment. This 
result is in accordance with other studies on different food matrix (Ercolini, 2013; 
Delhalle et al., 2016). Moreover, C. maltaromaticum was the dominant bacteria in 
Australian meat. This species has been used for biopreservation in meat products and 
seafood and is known for its inhibition properties against pathogenic and spoilage 
microorganisms (Leisner et al., 2007). Hence, C. maltaromaticum may have played an 
essential role in the 140-day shelf life of Australian meat. 
Finally, the lack of information related to the background of imported meats 
hinders the evaluation of the effect of production conditions (e.g., finishing system, fat 
score and carcase handling) on the quality of meat and differences observed between 
imported meat samples. Furthermore, designing an experimental scheme where 
samples were analysed at ⅔ and the end of shelf life generated results at different 
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ageing times, according to the origin of meat. These two constraints impeded an 
accurate comparison between meats of different origins. 
6.2 Preservation of fresh meat from the Belgian Blue breed 
The study of the preservation of fresh meat from the Belgian Blue breed showed 
a higher sensitivity of these meats to oxidation and microbial spoilage when compared 
to imported meats. However, it must be noted that the slaughter and storage 
conditions may not have been the same for meats from different origins. 
The different combinations of studied parameters made it possible to identify 
those which are associated with better stability of meat: 
a) ageing at −1°C > ageing at 4°C: temperature effect; 
b) cull cow > young bull: effect of category (sex/age) 
c) longissimus thoracis et lumborum > rectus femoris: effect of muscle 
d) carcase ageing > vacuum ageing: effect of ageing technique. 
When Belgian Blue meat was aged at −1°C, the onset of excessive bacterial 
growth was observed before oxidation phenomena. Specifically, the growth of the 
spoilage bacterium B. thermosphacta was the limiting parameter for vacuum ageing 
longer than 20 days at −1°C, permitting a subsequent 7-day shelf life under a high-O2 
atmosphere. Nielsen and Zeuthen (1986) showed that B. thermosphacta could grow at 
temperatures as low as −2°C. So, it is possible that subzero ageing can only show 
definite advantages when applied to meats with an excellent initial microbial quality. 
Also, extending vacuum ageing at 4°C for more than 20 days seems inappropriate for 
Belgian Blue beef, if it must be repackaged under a high-O2 atmosphere, due to high 
microbial growth and Mb oxidation at this temperature. Finally, the duration of 
vacuum-packaged storage influenced microbial growth and lipid and pigment 
oxidation of beef during subsequent high-O2 MAP storage: increasing ageing times 
promoted early oxidation and microbial growth during MAP storage. 
With regard to the effect of category, meat from young bulls was more 
susceptible to Mb oxidation than meat from cull cows. Higher pigment oxidation was 
reported in muscles with higher Mb contents (Renerre et al., 1996), and, in general, the 
Mb content is higher in muscles of bulls than those of cows at the same age (Lawrie and 
Ledward, 2006). However, myoglobin content increases as animals increase in age 
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(Miller, 2002). Therefore, it was not possible to conclude if the Mb content could explain 
the higher sensibility of young bulls to Mb oxidation when compared to cull cows. 
Concerning the fatty acid composition, meat from bulls presents higher proportions of 
PUFA than meat from cows (Venkata Reddy et al., 2015). Since greater degrees of fatty 
acid unsaturation increases Mb oxidation (Chan et al., 1997), differences in the fatty acid 
composition between young bulls and cull cows might also have explained the 
difference in pigment oxidation susceptibility. However, the fatty acid profile was not 
evaluated in these samples, and this hypothesis could be verified. Lastly, meat from 
young bulls presented an -tocopherol content below the threshold proposed by Liu et 
al. (1995). Actually, the -tocopherol content was 3.0 and 3.6 µg/g in meat from young 
bulls and cull cows, respectively. In this way, the lack of this antioxidant may have 
contributed to the low pigment stability of young bulls, confirming the importance of a 
correct assessment of dietary vitamin E supplementation to stabilise redness in meat. 
In respect to the effect of muscle, from a microbiological point of view, rectus 
femoris was less stable than longissimus thoracis et lumborum. Two hypotheses have 
been put forward. Firstly, the anatomical location of the muscles could explain that 
they are more or less exposed to bacterial contaminations during slaughter and cutting. 
Secondly, differences in nutrient concentrations (e.g., glucose and amino acids) could 
lead to a selection of those micro-organisms that are adapted to the substrates present 
and promote their growth on meat. 
Regarding the oxidative stability, rectus femoris was again more sensitive than 
longissimus thoracis et lumborum. Despite the higher sensitivity of rectus femoris to 
oxidation, it presented a higher -tocopherol content than longissimus thoracis et 
lumborum. There are no clear explanations why skeletal muscles differ in -tocopherol 
concentration; however, some hypotheses have been emitted. The first one is related to 
muscle fibre composition. Red fibres contain more but smaller mitochondria than white 
fibres. Smaller muscle fibres and reduced mitochondrial sizes should, in theory, provide 
greater surface areas with increased biological membrane volume, thereby providing 
more interactive sites and membrane surface for -tocopherol incorporation (Porter 
and Palade, 1957). Current data on the fibre composition of different bovine muscles is 
variable (Ono et al., 1996; Kirchofer et al., 2002). For this reason, it is not easy to confirm 
if the red fibre content in longissimus thoracis et lumborum and rectus femoris 
contributed to their different -tocopherol concentration. Then, differences in capillary 
density and capillary-to-fibre ratio could also explain the variation in -tocopherol 
between muscles. In fact, high -tocopherol concentration could be due to the residual 
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blood (with its associated -tocopherol) entrapped in capillaries or to the great 
diffusion of -tocopherol from more closely associated capillaries (Sheldon, 1984; Liu et 
al., 1995). However, this hypothesis was not verified in the present study. Concerning 
other intrinsic factors that could retard oxidation in meat, MRA and CAT activity could 
be associated with the difference in oxidative stability observed between longissimus 
thoracis et lumborum and rectus femoris. The availability of nucleotides may explain 
differences in the MRA between muscles. Watts et al. (1966) demonstrated that 
increasing concentrations of nicotinamide adenine dinucleotide in meat increases MRA, 
and Faustman and Cassens (1991) showed that longissimus thoracis et lumborum 
present high concentrations of nicotinamide adenine dinucleotide. Lastly, CAT activity 
may be related to muscle metabolism. Christie and Stoward (1979) observed a higher 
CAT content in red fibres than in white fibres. Nevertheless, the nicotinamide adenine 
dinucleotide content and the fibre composition of muscles were not investigated in this 
research. 
About the ageing techniques evaluated in this project, dry-ageing on the carcase 
could limit the oxidation of meat when it was repackaged in a high-O2 atmosphere. 
Conversely, vacuum aged meat showed a high sensitivity to oxidation. The difference in 
the oxidative stability between dry- and wet-aged samples in the present research was 
explained by the experimental scheme. Longissimus thoracis et lumborum and rectus 
femoris are both entirely covered by superficial muscles from the back and thigh, 
respectively. In this study, vacuum aged samples were briefly in contact with air and 
light during retail cutting at the beginning of the experiment, while retail cutting of dry 
aged samples was performed seven days after. It is known that exposure to 
atmospheric O2 and light can lead to beef discolouration (Andersen et al., 1989; Lindahl, 
2011), and may have contributed to the low colour stability of vacuum aged beef.  
Furthermore, when these meats were repackaged in a modified atmosphere rich 
in O2 and stored for 7 days at 4°C, the MRA values were zero. There was, therefore, no 
reducing activity in the meat, indicating the disappearance of mechanisms responsible 
for the reduction of MMb, and pointing out a disadvantage of meat display in high-O2 
atmospheres at 4°C. Finally, it should be highlighted that the biggest reason to dry age 
beef is to enhance its palatability attributes, yielding descriptive determinants such as 
brown-roasted, beefy/brothy, buttery, nutty, roasted nut and sweet (Kim et al., 2018). 
There are currently two primary dry-ageing methods in the meat industry: conventional 
half carcases or quarters hanging and sub-primal dry-ageing, and the scientific 
literature on the former are limited. Therefore, beef ageing on the carcase should be 
considered as a subject for further studies. 
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In summary, extending the shelf life for vacuum-packaged Belgian Blue meat 
would be possible under the condition of strict respect of an ageing temperature close 
to the freezing point of meat and careful control of the hygiene at the slaughterhouse 
and cutting plant. In the present conditions, Belgian Blue meat should not exceed 
20 days of vacuum-packaged ageing if they have to be repackaged in a high-O2 
atmosphere. Apart from the control of slaughterhouse hygiene conditions and the use 
of subzero chilling temperatures, an improvement of the antioxidant capacity of meat 
via production conditions (e.g., feed) is to be considered as an attractive way to 
increase the duration of meat preservation. 
Lastly, differences in the experimental scheme used to evaluate the preservation 
of fresh meat from the Belgian Blue breed did not permit to compare all Belgian Blue 
meats between themselves and also not with imported meats. Furthermore, muscle 
fibre composition and metabolism were not studied. The assessment of these 
parameters could have given precious information to understand better the differences 
in oxidative stability found between cattle categories and muscles. 
6.3 Biopreservation of fresh meat 
In the study of the biopreservation of fresh meat, 11 isolates of 
C. maltaromaticum were obtained from Australian meat displaying a shelf life of 
140 days. The assessment of physiological requirements revealed that 
C. maltaromaticum is adapted to low temperatures and O2-depleted atmospheres. 
Therefore, its use as a protective culture in chilled meat and meat products should be 
associated with packaging systems such as vacuum packaging. 
The genetic profiling revealed a low genomic variability between isolates from 
different samples and even batches. However, it is impossible to determine if this 
specific microorganism was added to these meats or if it was part of the naturally 
occurring microbiota that has been selected by the conservation conditions applied. 
The presence of genes coding for class IIa bacteriocins (cbnBM1 for 
carnobacteriocin BM1 and cbnB2 for carnobacteriocin B2) was highlighted in the major 
part of the isolates. Class II bacteriocins are highly active against Listeria strains (Zou et 
al., 2018) and could also have potential applications against spoilage microorganisms 
(Ennahar et al., 2000). 
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The inhibitory effect of C. maltaromaticum against spoilage and pathogenic 
microorganisms was evaluated in situ and in vitro. Carnobacterium maltaromaticum 
showed an inhibition effect against Enterobacteriaceae in commercial beef in an 
atmosphere without O2. Furthermore, C. maltaromaticum showed an antagonist effect 
against L. monocytogenes in co-cultures, which was greater at −1 and 4 than at 25°C. 
When the co-cultures were supplemented with EDTA, which increases the permeability 
of the outer membrane of Gram-bacteria (Prudêncio et al., 2016), C. maltaromaticum 
also inhibited the growth of S. Typhimurium and E. coli O157:H7. 
The study of the cell-free supernatant of C. maltaromaticum did not evidence the 
production of bacteriocins. In a first glance, the incubation temperatures applied were 
probably too high to observe the activity of C. maltaromaticum bacteriocins (Gursky et 
al., 2006). Besides temperature, other variables, including pH, medium composition and 
aeration, may have inhibited the production of bacteriocins by C. maltaromaticum 
(Zhang et al., 2017). 
Carnobacterium maltaromaticum may cause spoilage of meat and meat 
products (Laursen, et al., 2005) by producing molecules including 3-methyl-1-butanol, 
1-octen-3-ol, butanoic acid and acetoin (Casaburi et al., 2011). In the present study, 
sensory analyses were performed on beef patties inoculated with C. maltaromaticum. 
The results showed that the panellists could distinguish between inoculated and non-
inoculated samples. However, one isolate (CM_B827) had a negligible negative impact 
on the sensory attributes of beef patties, and should, therefore, be used for further 
research on the potential use of C. maltaromaticum as a protective culture. 
Finally, the use of biopreservation as an additional hurdle for fresh meat 
preservation should be taken as a promising alternative for controlling the growth of 
spoilage and pathogenic micro-organisms. “Natural” and “clean-label” are terms that 
are becoming increasingly popular with both consumers and food companies, and the 
use of micro-organisms generally recognised as safe meets the preference of consumers 
for “natural” additives rather than chemical ones. However, at this day, there is no 
specific legislation in the EU concerning biopreservation, and no other hurdle than cold 
and modified atmosphere may be applied to fresh meat (European Parliament and 
Council of the European Union, 2004). According to the Regulation (EU) No 2015/2283 
(European Parliament and Council of the European Union, 2015), protective cultures 
should be considered as novel food, since they do not have a significant history of 
consumption within the EU before 1997. Before any novel food is approved for use on 
the European market, it must be rigorously assessed for safety. In this way, appropriate 
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regulation is necessary for the industrial development of protective cultures, whose 
effectiveness and safety must be demonstrated by scientific studies. 
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Conclusions and perspectives 
 
This research permitted to study the microbial and physicochemical factors, 
such as spoilage bacteria growth and pigment and lipid oxidation, that determine the 
long-term preservation of chilled fresh beef at subzero temperatures. 
Specific microbial environments and antioxidant capacity play an essential role 
in extended beef preservation. The selection of beneficial micro-organisms (e.g., LAB) 
and retardation of oxidation could be achieved with ageing at −1°C in low-O2 packaging 
systems. 
Further research on the antioxidant mechanisms and microbial ecosystems 
associated with meats with extremely long shelf life and, more specifically, the role of 
specific LAB, including C. maltaromaticum, will be a key to understand and control the 
extension of the shelf life of meat. 
Future studies should take into account the background of meat samples. It was 
noted in this research that unknown production and distribution conditions might 
mislead the interpretation of results. Moreover, the present project showed that it is 
relevant to assess parameters such as fibre composition and muscle metabolism when 
studying the antioxidant capacity of meat. These parameters are intimately linked with 
pigment and lipid oxidation and should be evaluated together to understand oxidation 
phenomena in meat better. Finally, it is imperative to characterise the physiological 
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requirements of C. maltaromaticum, the conditions that allow this bacteria to exert its 
maximum biopreservative potential and the negative impact that it may have on 
sensory attributes in order to develop appropriate preservation strategies for meat and 
meat products. 
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